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Abstract

The non-Newtonian behavior of various complex fluids is described in detail, in-
cluding shear thinning, slip and spurt phenomena. Dynamic NMR microscopy
velocity profiles, achieved in capillary, cylindrical-Couette and cone-and-plate ge-
ometries, demonstrate that direct measurement of the above phenomena is possi-
ble.

NMR diffusion measurements, using polyethylene oxide solutions, reveal that
the onset of entanglements is observed at a concentration around 1-2 % (w/v).
Shear thinning is observed in 5 % monodisperse polyethylene oxide solutions using
capillary velocity profiles. A power law analysis demonstrates an increase in shear
thinning with increasing shear rate. A decrease in the power law exponent, n,
from 0.4 to 0.35 is observed over the range of shear rates used here.

Slip is demonstrated by the discontinuous velocity profile obtained using 0.2
% Unam Xanthan solutions. An increase in the amount of slip with increasing
shear stress is suggested, demonstrated in both capillary and cylindrical-Couette
geometries. The exclusiveness of slip to particular Xanthan gums is also shown.

Velocity distributions of Cetyl Pyridinium Chloride-Sodium Salicylate micelles
demonstrate the spurt phenomenon as a process observed above a critical shear
stress, 0.. This process is thought to differentiate from that of slip in that its
properties rely on bulk fluid properties. wes

The mobility of polyolefins, containing side chains, were investigated by relax-
ation measurements in the melt. As the polymers were sheared, a decrease in the
mobility was observed, consistent with the disentanglement of the chain network.
Viscosity scaling laws, and the influence of polymer side branch length, were also
studied.

Gradient coil developments are also described in detail. Linearity, homogeneity
and screening conditions are investigated for a transverse quadrupole-target-field
gradient coil. The need for large gradients are discussed with the implications to

removing susceptibility effects found with model and natural systems.
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Chapter 1

Rheo-NMR of Complex Fluids

1.1 Viscoelasticity

The behavior of materials under mechanical deformation has important implica-
tions for industry. Both the polymer and food processing industries have ma jor
research interests in this type of material science, since many manufacturing pro-
cesses depend upon a substance’s behavior when stressed. For example, polymers
are commonly produced by an extruder type process which mixes the materials in
a ‘cork screw’ mechanism.

The simplest approach in characterising the mechanical behavior of materials
is to class the materials into two extreme categories, namely viscous or elastic.
Liquids and solids are typically included in these sections respectively. The viscous
nature of materials was first studied by Isaac Newton in 1687[1] who characterised
the materials as having a shear stress that was directly dependent upon the rate
of shear strain. In contrast to this description, elastic materials have a shear
stress which is sensitive to the amount of strain. The principal studies on this
phenomena were carried out by Robert Hooke in 1676[1].

Many materials are not well described by either simple category, exhibiting
both viscous and elastic behavior. These substances are known as viscoelastic.
The distinction between solid and liquid is not clear for such a class of materials.
Furthermore, even materials commonly thought of as liquid or solid will exhibit
such limiting behavior only over certain observational time scales. As we shall
see, the response of a material depends on the relative magnitude of the material’s
relaxation time to the time of observation. For example, the relaxation time for
water is on the order of 1072 s, whereas silicate glass is > 10% s. Compared to the
time over which one typically observes deformation (x~ms to years), silicate glass

appears to be a solid and water a liquid. An equal and alternative view would be
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to characterise glass as a super-cooled fluid.

1.2 Macroscopic and Microscopic Views

In practice the viscoelastic behavior of materials is observed from the response
to an applied force. The engineering approach is to investigate the macroscopic
behavior of a substance. For ‘solids’ it is the displacement (strain) which is inves-
tigated as opposed to ‘liquids’ where the rate of displacement (rate of strain) is
studied. For general viscoelastic materials the response to applied stress may be
used to define the constitutive properties of the material. Constitutive descriptions
do not require a knowledge of molecular structure.

In the microscopic view point, it is the molecular properties which govern
the constitutive behavior of materials. Molecular models take account of local
entropic and enthalpic interactions, of molecular organisation and molecular dy-
namics in order to predict constitutive behavior. In this thesis we will be con-
cerned with molecular descriptions for ‘random coil’[2], ‘rigid rod’[3] and ‘wormlike
surfactant’[4] systems. We shall see that the organisation of the molecules plays an
important role in determining the behavior of complex fluids experiencing stress.
The aspects of organisation dealt with here will include entanglements and self-
assembly. Finally, it is important to emphasise that the dynamical behavior, in
particular molecular rotation of diffusion will play a crucial role in determining

constitutive properties.

1.3 Rheo-NMR

The term rheology was coined by E.C. Bingham[1] in 1929. He defined rheology
as “the study of the deformation and flow of matter.” The origins of rheology can
be traced to Newton and Hooke although some authors attribute its origins to the
Egyptians in the sixteenth century BC. However it emerged as a separate field of re-
search in the 1920’s when industrial use of plastics, rubbers and clays became more
widespread. Rheology is arguably the study in which both the constitutive behav-
ior and molecular properties of a material are combined. An experimental tool is
required to link both the molecular and viscoelastic behavior of materials. Vari-
ous techniques used to study rheological behavior include neutron scattering(5, 6],
optical birefringence[7, 8] and laser Doppler anemometry[9]. Although some work
on molecular orientation while under shear is noted with neutron scattering[10],
broadly classifying, the previous techniques rely on a macroscopic interaction with

the measuring device. However, Rheo- NM R[11] combines Nuclear Magnetic Reso-
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nance of materials with the application of mechanical stress. In doing this, NMR
can act as a molecular probe, providing a technique which offers information of
viscoelastic behavior at both microscopic and macroscopic scales. For example, re-
laxation parameters are available associated with a molecule’s rotational tumbling
or morphological constraints while being sheared. An additional asset Rheo-NMR
provides is the ability to measure a molecule’s displacement caused by stress. This
measurement may take the form of a diffusion or velocity profile where the latter
(refer Xia & Callaghan[12]), as we will see, provides an idea of the local rate of
strain. Although dual point laser Doppler anemometry is noted for the direct
measurement of the strain rate[9], the method however is insufficient in providing
measurement at a molecular scale.

This thesis investigates the way in which NMR measurements of velocity may
be used to study rheological behavior. One aim of this thesis is to ‘marry’ the
molecular description of materials with constitutive parameters derived from ve-
locity profile measurements. Another aim has been to focus on the development of
the velocity measurement in geometries not previously investigated using NMR.
The investigation includes a study of model systems covering a range of molecular

structures.



Chapter 2

Rheological Background

2.1 Viscoelasticity

In this chapter we will deal with the response a viscoelastic material has when

subjected to stress, o. Stress is defined as force, /', per unit area, .S, according to:
F;

Fa (2.1)

Uij =

where the first index refers to the orientation of the area normal and the second,

Y
;zx

S

Figure 2.1: A material experiencing a force, F,, normal to the surface, S, has a stress

component defined as o .

to the direction of the force. These relationships are illustrated in figure 2.1.
Because of the three possible area and force directions, a stress tensor having
nine components can be defined. It can be shown[13] that the stress tensor is
symmetric ie. o;; = o;;. Thus for the cartesian coordinate system adopted here

Ogy = Oyz, Oy; = Oy and 0,, = 0,;. This equality arises from considering the
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angular momentum of an element of a fluid. Thus with the fluids presented in this
thesis, only siz constitutive equations of state are required.

Two further parameters, used to describe rheological behavior, are the ‘normal
stress differences’ (Vy, Nj):

N] = Oggz — Oyy (22)
Ny = oy —0, (2.8)
For an incompressible fluid mass conservation requires:
Ovg 0vy Jv,
s =0 2.4
gz 9y T 0z (24}

where v;, v, and v, are the cartesian components of the velocity of the fluid. The
forces on the fluid within a volume and on the surface of that volume can be

equated to the rate of change of momentum of the fluid. The result is:
%+Pfi2p{%+vj%} (2.5)
where p is the homogeneous density and f; is the body force per unit mass act-
ing on the fluid. Eqn. (2.5) is referred to as the fluid’s momentum equation
and is sometimes expressed as the ‘Navier-Stokes’ equation, when the Newtonian
constitutive relationships are incorporated.

Although all of the above relationships are not used in this thesis, they are
mentioned for completeness. Note that in this thesis we shall be principally con-

cerned with shear stress of which there are three components: oy,, 023 and o;3.

2.1.1 Linear Viscous & Elastic Behavior

The response of a system to stress is described by the constitutive relations for
that material. This response is measured by strain or its time derivatives. For
small shear strains, 7, linear relationships can be expressed in the form[2]:

92 n

d 0 o
1+a1d UC D e R

an
92 Gt} {504*51 +ﬂ2 + +ﬂn3t”}

at?
(2.6)
If [y is the only non-zero parameter we then have:
o = Boy (2.7)

where the equation describes the Hookean type behavior typical of solids. g is the
elastic modulus, g. When S, is the only non-zero parameter, Newtonian viscous

behavior, characteristic of a simple liquid, is described:

o= gl% (2.8)

where 1 is more commonly known as the Newtonian shear viscosity, 7g.
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2.1.1.1 The Generalised Maxwell Model

In this thesis we will be concerned with fluids which exhibit both elastic and
viscous behavior. The simplest linear viscoelastic model is the ‘Maxwell model’
for which all the coefficients in Eqn. (2.6) are zero except for @; and £;. This

leads to the following differential equation:
o+ X\ =7 (2.9)

where A is known as the relaxation time. The meaning of A is more apparent when
the solution to Eqn. (2.9) is sought. When a constant shear rate is applied at

time t = 0, the stress at time, t, is:
o(t) = oo (X % e~ ) (2.10)

where o is the resultant equilibrium stress as t approaches infinity, given by #%.
Thus the shear stress grows exponentially to reach og. The mechanical analogy to
the Maxwell element is a spring connected in series with a dashpot (see Fig 2.2).

A simple analysis based on this model suggests A = :q'l.

n

vy

Figure 2.2: A Maxwell element consists of a spring with elastic modulus, g and a dashpot

with viscosity, 7.

The generalised Maxwell model introduces a spectrum of relaxation times, A;,
describing the behavior of ¢ Maxwell elements connected in parallel. A material’s
constitutive equation can also be expressed in terms of its history and present
response (see Eqn. (2.14). Such a relationship can include a memory function
which describes the rate of change of the ratio of stress and strain. For a Maxwell

model the memory function has the form:

M(t) = Z(ﬁ)eiﬁ‘—l (2.11)
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With oscillatory shear it is common to define a complex modulus which describes
the magnitude and phase of the shear stress as a function of frequency. The loss
(G") and storage (G") moduli are defined as the in phase and quadrature response
respectively. When the Maxwell model is adopted, the storage and loss moduli

have the following dependence:

g,-/\?w'z

U iAi
G"(w) = Z(T_QD\%?") (2.13)

The memory function (Eqn. (2.11)) can be determined by measuring the frequency
dependence of G’ and G”. By fitting the observed behavior with equations (2.12)
and (2.13) the spectrum of relaxation times can be determined. Since the Maxwell
function used here describes a material only in its linear region, it is essential the

extent of this region be determined.

2.1.2 Non-Linear Viscoelasticity

The non-linear behavior of materials will be a significant subject of the study
in this thesis. Non-linear viscoelacticity concerns the response of a system ex-
periencing large strains and in particular the dependence of shear stress on rate
of strain under steady state conditions. We begin by considering a variation of
the Maxwell model which will be appropriate in the description of the wormlike

surfactant system described in section 2.4.4.

2.1.2.1 The Maxwell Model

Non-linear behavior can be incorporated into the Maxwell model if a damping
function (e~*M!) is introduced, where k is the damping coefficient. This adaption
of the Maxwell model was originally described by Wagner(14]. The constitutive
equation (Eqn. (2.14)) combines the memory function (Eqn. (2.11)) with the

damping function as follows:
t . (e=th . .
a'(t) = —/ Z%e 5 |y(t, )| eF el gy (2.14)

This type of rheological description relies on the time and strain dependent parts of
the constitutive equation being separable. The damping coefficient k is determined
by carrying out a series of step-strain experiments with varying magnitudes of

deformation. The strains can vary from linear regions to non-linear regions. The
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relaxation modulus, Gy(t), is dependent, for linear strains, only on the spectrum

of relaxation times, thus leading to an exponential decay:
Go(t) = S L (2.15)
T A

For non-linear strains the value of the relaxation modulus is lowered for a strain-
softening material. Providing the strain is time independent it follows that the

shape of the curves will not depend on strain:
. — gi —
'C:' { = € ky —€ ks
(t) Z N

By comparing the relaxation moduli for the linear and non-linear regions, the
damping coefficient can be determined as shown in equation (2.16).
G(1)

ko
e = &) (2.16)

A plot of ln(é':}{(:})} vs 7 will yield a straight line of slope, —k.
A final check as to the consistency of the Maxwell-Wagner model can be

achieved by steady shear measurements. It can be shown that the shear stress

can be determined if A\; and & are known, namely[14]:

i i

= e o i

W = L ATy (217)

i
This theoretical prediction may then be compared to the measured flow curve of

o Vs 4.

2.1.2.2 Shear Thickening, Shear Thinning and The Power Law Model

As well as the Maxwell model used to describe the non-linear characteristics of a
material many other models are possible. One empirical characterisation which is
widely used is known as the Power Law relationship, in which the shear stress is

related to the shear rate via:

Oy = mg" (2.18)
=>n(§) = my™! (2.19)

where m is a constant. It can be seen from Eqn. (2.19) that, a value of n > 1 would
result in a viscosity increase with increasing shear rate, thus characterising a shear
thickening material. Alternatively, the cases n = 1 or n < 1, describe Newtonian
and shear thinning behavior respectively. The characteristic stress curvature in

both shear thinning and shear thickening is seen in Fig 2.3. The molecular basis
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6 / Bingham Plastic
Shear Thinning
Newtonian

Shear Thickening

/

Y

Figure 2.3: The reduction of viscosity with increasing shear rate is termed a shear

thinning process, the reverse, a shear thickening process.

for shear thickening and shear thinning will be discussed later in the context of
polymer entanglements.
Some materials, known as Bingham plastics, exhibit a yield stress, o,, as shown

in figure 2.3.

2.1.3 Molecular Models for Viscoelasticity

The generalised Maxwell model and the power law fluid equation describe macro-
scopic constitutive behavior without reference to molecular origin. In this thesis we
shall be particularly concerned with the non-linear viscoelastic behavior of poly-
mer solutions, including random coil, rigid rod and wormlike surfactant solutions.

Molecular models will be discussed in section 2.4.

2.2 Classical Rheometry

In the traditional approach to rheometric measurements one measures a material’s
stress while it is being deformed. The stress is measured indirectly by measur-
ing either the resultant pressure or force. An alternative and similar process for
measurements consists of measuring the deformation, or rate of deformation of
a material, while it is experiencing a given stress. The common geometries used
for such measurements are known as the cone-and-plate, cylindrical-Couette and
capillary. Each geometry has a characteristic shear field.

The cone-and-plate apparatus consists of a cone held vertically above a rotating
circular plate. The details of this geometry can be found later in section 3.4.3.

The applied shear rate is calculated for a given angular velocity of the plate in
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accordance with the known cone angle. The shear rate is radially uniform for this
geometry and provides an excellent environment for experiments which require a
homogeneous shear rate. The stress in the material is determined from the torque
on the cone while the bottom plate is rotated. Because of the known geometry,
the contact surface area is known and the stress can be calculated.

An alternative but similar rotating geometry is the cylindrical-Couette, where a
material is placed in the annular gap between two concentric cylinders of different
radii. Either the outer or inner cylinder is rotated and the resultant stress is
again indirectly measured by the torque experienced on the non-rotating cylinder.
Although this geometry does not provide a homogeneous shear rate with increasing
radius, it does however provide a near perfect homogeneity when the gap is small.
The approximation is discussed in detail in section 3.4.2.

In capillary geometry the material is pumped through a pipe of known diam-
eter. The shear rate is determined from knowledge of the flow rate and the shear
stress from pressure difference, AP, across the pipe length, [. In particular, the
wall shear stress and shear rate are often sought. The theoretical velocity dis-
tribution for a Newtonian material in this geometry is given by Eqn. (2.20). R
is the radius of the capillary and v,,4,, the maximum velocity of the fluid in the
tube. The local shear rate is given by the derivative of Eqn. (2.20) w.r.t. 7, (Eqn.
(2.21)). The maximum shear rate at the capillary wall is given by Eqn. (2.22)/

,,.2
v(r) zvme—EJ (2.20)
ag0=ﬁ = mﬁ?r (2.21)
= Ywall = QU;M (2.22)
= %% (2.23)
= %% (2.24)

where () is the volume flow rate %ﬁszmaI. Even when the velocity distribution
is not parabolic, equation (2.24) can be used to define an apparent shear rate.
Whatever the constitutive behavior of the fluid, the wall shear stress is always

given by:
__AarR

2
AP

where S/~ is the pressure gradient along the pipe. The capillary rheometers that

(2.25)

were used in this thesis are described in section 3.4.1.
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2.3 Slip and Spurt

In many of the capillary flow studies in this thesis, the simple parabolic velocity
profile did not occur because of the strongly non-Newtonian properties of the fluid.
One particular example of strong non-Newtonian deviation concerns apparent slip
at the wall of the pipe. Slip may be associated with some perturbation to the fluid
property near the wall surface which allows very high local shear rates. Another
cause of high shear rate may be ‘spurt’ associated with discontinuities in the fluid
constitutive behavior, a bulk property unrelated to surface effects but only with

the high stress at the outer layers of the fluid.

2.3.1 Slip

The apparent slip phenomenon refers to the existence of a narrow region of very
high shear rate next to a solid surface. It appears as if the non-slip condition has
been violated. It is often caused by an abnormally low viscosity of a fluid mixture
in an inhomogeneous stress field due to solute-wall interaction. In other words,
an enhanced fluid flow is observed at a particular stress level in excess of that
expected in the absence of direct wall effects. Experimental evidence has shown
an increase of up to 50 % of the viscometric predictions (based on cone-and-plate
data) is possible[15] in some polymer systems. Such an observation is associated
with the apparent slip phenomenon.

The slip phenomenon is not new and has been documented in many earlier
studies of Green[16], Scott-Blair[17], Reiner[18] and Mooney[19]. The last author
provided a method for determining the magnitude of any violations of the ‘no slip’
condition. Other studies documented slip effects for the flow of suspensions[20],
polymer melts[21] and polymer solutions[22]. The Mooney[19] analysis of appar-
ent slip in capillary flow is based on a hypothetical thin slip layer next to the wall.
This discontinuity, depicted in figure 2.4, gives rise to an enhanced flow rate, Q).
The total flow rate arises from the addition of the velocity fields bounded by » = 0
and r = R — 6 to the additional offset slip velocity, Vi, found between 7 = R — ¢
and » = R. If the slip layer is small compared to the overall diameter, D, then

the flow rate can be expressed:

20 _ Vo 4
™03 D a3

Ow
/ o%4(0)do (2.26)
0
where o,, is the shear stress at the capillary wall. Therefore, for a given shear
stress at the wall, a plot of i—QD% as a function of 1/ D, at censtant a,,, will give

a straight line with a constant slope of magnitude 8V;. The intercept with the

ordinate gives the value of the shear rate without slip (infinite diameter). Thus,
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r=R

r=9

Slip Layer

Figure 2.4: The increase in flow in a thin layer, §, close to the tube walls has been

postulated by Mooney to explain the slip phenomenon.

the shear stress vs. shear rate behavior can be determined free from the effects of
slip.

It must be emphasised that accurate measurements are required to produce a
constant value of the wall shear stress while determining the slip velocity. The
Mooney analysis remains the most widely-used method for quantifying apparent
slip. Pérez-Gonzdlez et al[23] have reported apparent slip in a capillary geometry
using a 0.2% solution of a polysacharide gum known as Xanthan. The authors
used the Mooney method to obtain the magnitude of the slip velocity for different
length, L, to diameter, D, ratios of the capillaries. The conclusion of this study
was that the slip velocity is not only a function of the applied shear stress but
also dependent on %. This second dependence was broadly classified into three
categories; firstly, small capillary lengths (% < 100) where end effects were domi-
nant, secondly, where 100 < % < 300 and slip development and end effects exist
and thirdly, where % > 300 and flow is fully developed. The development of slip
in this study is a unique finding and further investigation is needed into this effect
(see section 5.4).

Other attempts have also been made to measure the magnitude of slip in the
capillary geometry[24] using Nuclear Magnetic Resonance Velocimetry. A 0.2 %
Xanthan solution and a 2.5 % particulate system containing 5-50 pm irregular,
soft agar gel particles were used. The results were anything but conclusive as
regards to the determination of a slip velocity magnitude, relying on non-zero
data points which fall well within the experiment’s range of error. The study did
however provide a conclusive demonstration of non-Newtonian flow profiles.

A method for correcting for cylindrical-Couette slip has also been reported by
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T. Kiljafiski[25]. The study assumes a linear relationship of the slip velocity as one
progresses into the fluid, away from the shearing surface. With this inclusion, the
correct shear rate can be calculated for the rheometer. Power-law fluids have not
been excluded in this report and can be adequgtely described with this method.
Experimental support was offered by H. Schklegal’s[26] work who performed rheo-
logical studies in a cylindrical-Couette rheometer for three different gap settings.
Again with this study, direct measurement of the slip magnitude has eluded the
investigation. The study of slip in this geometry, thus far, allows the possibility

of direct measurement of the slip velocity magnitude to be obtained.

2.3.2 Spurt

A discontinuity in the flow behavior of polyethylene was reported[27] in 1958
by Bagley et al. G.V. Vinagradov also investigated this effect[28] and coined
the term ‘spurt’ effect. Other studies, including that of McLeish and Ball[29],
offer an explanation of the spurt effect using the Doi-Edward’s theory of polymer
dynamics to be discussed in section 2.4.3. Spurt is a bulk fluid property which
might be expected under conditions of very strong shear thinning sufficient to
cause a minimum in the shear stress vs. rate of strain curve. Such conditions
might cause an unstable flow, similar to that reported by Vinagradov, once an
associated critical shear stress, o., has been exceeded. The instability occurs
depending upon the existence of an ‘upper branch’ on the flow curve as shown
in figure 2.5. If the shear stress again increases on the flow curve beyond the
minimum, an abrupt change Wr{l‘l shear rate can exist for an infinitesimal change
WD shear stress, Ao, as depicted in figure 2.5(a).

As will be discussed later in section 2.4.3, a sample’s molecular mass and its
characteristic mass dispersity may smooth the flow curve resulting in the stress
minimum being barely distinguishable. Such a result is shown in figure 2.5(b)
where a stress plateau is observed. If the shear stress increases after the plateau,
again an abrupt change with shear rate is possible. Thus, the existence of a
discontinuity in shear rate is critically dependent on the increase in shear stress or
‘upper branch’. It has been suggested that o. corresponds to the maximum stress,
Omaz, found on the flow curve[29] (see Fig. 2.5(a)). In fact where exactly the
critical stress lies on the flow curve is uncertain, being described as a hysteresis
discontinuity[27, 30]. Thus, it is important at which end of the flow curve, high
or low stress, one is approaching the stress region. Although o. is unstable, it is
guaranteed to be found in the region 0, < 0. < Omaz. In a capillary geometry,
McLeish et al also predict the double valuedness of the shear rate will manifest

itself in a distinctive ‘shear band’ fashion . This involves the local shear rate near
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(a) G
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Figure 2.5: (a) With a minimum observed in the flow curve, a small change in stress,
Ao, may result in an abrupt change in shear rate, 7; — 2. (b) This phenomenon is still

possible for when a plateau is observed on the flow curve.

the tube centre changing abruptly to a higher shear rate near the capillary wall.
Figure 2.6 shows the development of a shear band, eventually leading to slip at
the tube walls, as the pressure gradient along the capillary is increased. If the
upturn in the flow curve occurs at sufficiently high shear rates then the band may
be narrow and indistinguishable from apparent slip.

A similar abrupt change in local shear rate would be expected in the flow profile
obtained for a cylindrical-Couette rheometer if a sufficient shear stress gradient is

obtained across the fluid.
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Figure 2.6: The development of flow in a capillary tube, (ii), leads to an enhanced shear
rate close to the wall. This phenomenon is akin to slip (refer Sec. 2.3.1) but progresses

into the fluid, (iii), at higher flow rates as a shear band.
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2.4 Molecular Basis of Viscoelasticity

Molecular models are used to describe the viscoelastic behavior of certain rhe-
ological systems. Three such models, with their characteristic inter-actions and

behavior are described below.

2.4.1 Rigid Rod

Consider a system where each of the molecules may be thought of as long, thin
rods, with little or no flexibility. In a dilute solution, with no flow, the molecules
have maximum entropy with random orientation. The interactions of one molecule
with another will be dominated by excluded volume effects. Excluded volume ef-
fects will also be important in the vicinity of a nonadsorbing, solid wall resulting
in concentration inhomogeneity. The non-uniform solute concentration extends
over distances comparable to the length of the rod, as the centre of mass cannot
approach close to the impenetrable wall. This creates a interfacial depletion layer,
for which the exact profile of a rigid rod has been investigated[31]. When the solu-
tion is subjected to steady shear, there will be a decrease in entropy corresponding
to a storage of elastic energy. This orientation is opposed by Brownian motion, in
which the random thermal movements tend to produce a uniform distribution of
orientations. The rate of such motion can be characterised by a rotary diffusion
coefficient, T, or by a relaxation time, 7 = 1/6Y. This parameter is the measure of
the time for end-over-end rotation. Additional tumbling of the rod-like molecules
may be caused by the shearing forces[31] in which a marked increase in the deple-
tion layer has been postulated. This occurs by the decrease in allowable positions
of the rod’s centre-of-mass next to the wall, thus enhancing the steric excluded
volume effect already present in the fluid at rest. These processes have been sug-
gested as the cause of the slip phenomenon, where a decrease in the viscosity of
the fluid, close to the rheometer’s walls, is found.

In this thesis we have chosen to investigate the above effects using a polysac-
charide called Xanthan gum. It is a rod-like molecule, possessing highly non-linear
viscosity in dilute solutions[32]. Dilute Xanthan concentrations also exhibit a finite

elasticity and have been studied for the effects of slip[23, 33].

2.4.2 Isolated Polymer Random Coils

Another molecular structure found in systems of rheological interest are those
where a number of monomers are connected together, in a flexible manner, via
a covalent bond. This flexibility[34]- [36] leads to a large configuration space for

chain conformation. Because the number of states available to the chain decreases
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as the end-to-end distance increases, this results in a reduction in entropy. As

Spring
Bead

Figure 2.7: The flexible coil nature of a polymer molecule can be represented as a bead-
spring model.

a consequence the free energy of an isolated polymer coil will increase as it is
stretched causing it to store energy because of the decrease in entropy associated
with the restriction of configurations it can assume. For mathematical simplicity
it is common to depict the submolecules as a bead-spring model shown in Fig. 2.7.
Such a model adequately describes many viscoelastic properties of these materials,

such as the frequency-dependent complex moduli[37].

2.4.3 Entangled Polymer Random Coils

Polymer melts and solutions, sufficiently concentrated that random coils are over-
lapped, are described by different dynamics. The crucial difference concerns the
existence of entanglements between chains. Provided the molar mass is larger
than a critical value for the onset of entanglements (a fixed value for the melt but
concentration-dependent for solutions) the polymer may be thought to be confined
to a tube defined by the other polymer members. Movement of the chain consists
of Brownian motion along the tube. Eventually this motion enables the chain to
enter a new environment, a process known as reptation. The Doi-Edwards[38]
reptation model starts from considering a polymer being constrained in a tube.
The boundaries of the tube are determined by the topological constraints due to
the other polymers in the solution. The dynamics of the polymer are charac-
terised by three distinctive motional regimes. Firstly, at the shortest time scale,
there is segmental motion of the polymer chain where the constraints of the other
polymers are not felt (ie. chain segments do not come into contact with the tube

wall). Secondly, there is motion of the polymer chain along the curvilinear con-



CHAPTER 2. RHEOLOGICAL BACKGROUND 18

tour of the tube, a process known as reptation (see Fig. 2.8) and thirdly there is
motion in which there is complete dissociation of the polymer with its initial tube
constraints. The last process is known as tube disengagement. All three motions
have an associated characteristic scaling time, namely: 7., denoting the onset of
the effect of tube constraints, 7r, describing reptation with curvilinear diffusion
and 74, dynamics governed by disengagement processes. These times depend on

molar mass, M, in the following manner: 7, ~ M®, 7p~ M2, 74 ~ M3,

(a)

Polymer Chain

o o
Tube Polymer's Neighbour

Figure 2.8: Four successive stages of tube loss for a reptating chain. (a) The initial
conformation of the primitive chain and tube, (b) as the chain moves to the right it leaves
the original tube boundary. Further movement, (c), leaves only a fraction of the chain in

the original tube.

The constitutive equation for semi-dilute solutions and polymer melts, arising

from the reptation model, predicts that when the shear rate becomes very high
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(% > 747 !) the viscosity has the following dependence[39]:

(%) = n(0)(3ma)~>/2 (2.27)

This relationship suggests that the shear stress will decrease with increasing
strain rate. However if the polymer has a broad molecular weight distribution, the
spectrum of 74 is broad and the effect is to reduce the magnitude of the exponent
in equation (2.27). Hence the predicted reduction in shear stress may disappear.
The broadening behavior may explain the experimental elusiveness of the shear
reduction, as many high molecular weight systems cannot avoid polydispersity.

Eqn. (2.27) is, strictly, derived under the shear conditions: 1/7y € ¥ € 1/7p.
If the shear rate approaches 1/7g it is predicted that the shear stress will again
increase. The predicted stress minimum will not be observed unless the ratio of ;T:,
which is related to the molecular weight of the polymer, is large. This condition
is often not met in experiments and stable flow is usually observed. However, if
a system is monodisperse and % is large enough the flow curve may contain a
minimum. Such unusual constitutive behavior may lead to spurt of a fluid once a

critical stress, o., is exceeded (refer to figure 2.5).
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2.4.4 Wormlike Surfactants

Some ionic and anionic surfactant systems, especially systems containing positive
headgroups, form complex, clear gels with strong elastic properties[40]. With
dilute concentrations, the cationic systems do not contain enough material to
form three dimensional structures. Instead, the mixture forms rodlike micelles
and is dominated by the processes described above (section 2.4.1). During flow,
however, the collision rate between the micelle aggregates is increased resulting
in the formation of a supermolecular structure. The processes which govern the
production of such a structure can be explained in terms of the simple kinetic
model that accounts for the flow-induced aggregation of rodlike micelles[41].

At higher concentrations, the supermolecule is formed in a non-transient state.
Because of the polymer-like nature of the molecule, it is sometimes referred to
as ‘wormlike’, the length of the ‘worm’ being concentration dependent. Wormlike
micelles exhibit strong non-linear behavior[4, 42] but with a narrow distribution of
relaxation times. This behavior has been suggested as being due to the aggregates
breakdown when sheared above a critical shear rate. The micelle provides an ideal
example for the ideal Maxwell model system described in section 2.1.2.1.

A wormlike micelle, consisting of a mixture of cetylpyridinium chloride and
sodium salicylate, is to be studied in this thesis. Rheological properties of the ag-
gregate have been studied[4], including time-dependent shear stress and oscillatory

measurements.



Chapter 3

Nuclear Magnetic Resonance

(NMR)

3.1 Basic Theory of NMR

The resonant behavior of nuclei placed in a magnetic field was discovered inde-
pendently by two groups in 1945, namely; Bloch et al[43] and Purcell et al[44].
A description of the various interactions of magnetic resonance can be explained

both quantum mechanically and semi-classically.

3.1.1 Quantum Description

The interaction of an atomic nucleus placed in a magnetic field can be described

in terms of its intrinsic total angular momentum, I and magnetic moment, p;
o =~hl (3.1)

The constant v is called the gyromagnetic ratio and for protons has the value of
2.67x108 s~ T-1. In quantum mechanics, both g and I are treated as operators
and £ is Planck’s constant divided by 27. I is known as the spin angular momen-
tum operator. Closely related to the angular momentum operator, I is the angular
momentum quantum number, I/, whose value is a half-integer or whole-integer and
is specific to the nucleus’ characteristic symmetry. For example, a 'H hydrogen
(proton) or 3C nucleus has I = %, whereas a 2H deuterium nucleus has I = 1.

Operators for each cartesian component of the angular momentum can be
defined as I, I, and I, respectively. Note that these operators do not commute.
The state, |¥), of the nuclei in the magnetic field, will be described in terms of
the component of the angular momentum along the z-axis. Associated with these
states are corresponding ehgen vatues, m, which can have values ranging from

e~c)e~.v°. veg
21
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I,(I —1),....,—1. For example the hydrogen nucleus, where I = %, can have the

values m = —% or m = % Therefore the magnetic moment can be determined

from the well known angular momentum operators in Eqn. (3.1) as the following:
s =yhl; (3.2)

In quantum mechanics the general state, |¥), of a nucleus can be expressed as

a linear combination of the basis states, |m), thus:
1) =" am|m) (3.3)

where a,, represents the complex amplitude of the basis state [m) present in |¥).

If a nucleus is placed in a magnetic field, then the magnetic moment interacts
with the field with each basis state |m) having a different energy level. This split-
ting is known as the Zeeman interaction. The interaction energy for a magnetic
moment g in a magnetic field B is —p - B. From Eqn. (3.2) the Hamiltonian for

the case of a field having magnitude, B,, oriented along the z-axis is:
H = —yhB,1, (3.4)
The energy levels of this Hamiltonian are related to the eigenvalues, m as follows:
E,, = —vhB,m (3.5)

An example of the discrete energy levels for a proton (I = %) is shown in figure
3.1.

A m=-1/2

AE= yhB,

A\ m=1/2

Figure 3.1: The Zeeman energy splitting of a proton, when subjected to a magnetic
field, is determined by the two discrete energy states the nucleus can acquire. The two
possibilities are inherent to the spin having an angular momentum quantum number of %

The nuclear states’ time dependence is described by the Schrédinger equation

using the Hamiltonian from Eqn. (3.4):

L 0 ,
thor (19)) = H|¥(0)) (3.6)
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An alternative form of this equation is:
|W(t)) = U(1)|¥(0)) (3.7)

where /() is the evolution operator. Note that the time dependence is inherently
expressed within the evolution operator and the states are ‘stationary’. As the
Hamiltonian in Eqn. (3.4) is time independent one can express the evolution

operator as:
U(t) = eBolst (3.8)

a
The exponential operator is analogous to*well known rule used in geometric trans-

formations, namely:
R.(¢) = 'l (3.9)

where R (@) corresponds to a rotation of ¢ degrees about the z axis. Indeed this
similarity suggests that in a magnetic field, states |m) precess about the z axis at

a frequency of w, where

Wy =B, (3.10)

This precessional frequency is known asthe Larmor frequency and is a fundamental

equation in NMR.

3.1.1.1 Excitation and the Rotating Frame

Detection of the spins’ precession requires the nuclear states to be excited. Keeping
in line with the quantum description given here, the excitation would involve the

absorption of energy equal to the transition between the energy levels, namely:
AE = hw = yhB, (3.11)

Such an energy source could be an oscillating magnetic field, By, transverse to
B,, with frequency w. This field can be described as the combination of two fields
of magnitude, B, rotating counter clock-wise as shown in figure 3.2. With the
application of this By field the Hamiltonian for the nuclear states, in the laboratory

frame, is now:

H = —~hB,I, — 2vhB; coswtl, (3.12)

The effect of one of the B, field components on the spin states can be ignored as
it is rotating in the opposite sense to the spin states, effectively at a frequency of
2w, and the magnitude of the component, B; € B,.

It is helpful to change our frame of reference to one where By is stationary.
This change is required to eliminate the time dependence of the Hamiltonian thus

allowing the use of the simple evolution operator of Eqn. (3.8). This change of
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Figure 3.2: The applied transverse magnetic field, By, can be described as a combination
of two fields rotating counter-clockwise. This description is the basis of the rotating frame

description.

reference is a useful tool and will be used later when describing the spin states
with a ‘classical picture’. Thus in the rotating frame the Hamiltonian in Eqn.
(3.12) is now:

M = —B(B, — :—")f,, — AhByI, (3.13)

Eqn. (3.13) suggests if an oscillating magnetic field is applied, transverse to the
field B, with w equaling the Larmor frequency, w,, the longitudinal field vanishes.
This leaves the effective field along the rotating frame z-axis. Thus precession
of the spin states is now about this axis, a process known as nuclear magnetic
resonance.

Of course the measurements made within NMR are obtained not for one nu-
cleus but for a number of nuclei. Thus this measurement requires an ensemble

average approach.

3.1.1.2 Ensemble Averaging of the Nuclear States

The measurement of the component of angular momentum, m, of a nucleus in
state |m) can be determined by calculating (m|I,|m). According to Eqn. (3.3) a

nucleus in some state |¥) would involve the multiplication:

(v

Lu)y = Zfz,nft:n,(1?1'|fz|rn)

m
> amagm{m'|m)
m,m/’
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= Z | |*m (3.14)
m

if the states [m) and |m') are orthogonal. The value |am|?* represents the nor-
malised probability that the Hl%sl;a:gewﬂl be found in state |[m). Thus the ‘expec-
tation value’ of a large number of nuclei in the same state, |¥), is the mean value
of the eigen values weighted by |¢m,|?. In contrast to this, measurements made
within NMR may involve states which are not identical and require an ensemble

average calculation over sub-ensembles, with associated classical probability, py:
(VLYY = py(¥|L|¥) (3.15)
v

It is convenient at this point to define the states for a nuclei of I = %, namely:

-0

1 0
[=g) = [1} (3.16)

Therefore the angular momentum operator can be calculated as:

11 0
L= [0 -1} (3.17)

From Eqn. (3.3) the state of the nuclei can be expressed as an admixture of the

[¥) = a1 lll -I-(L_% [0] (3.18)

individual states:

210 1

Finally using Eqn. (3.15) the ensemble average can be calculated for the spin %

W) = 5 (a3 - Ty T) (3.19)

Eqn. (3.19) may be interpreted as that the expectation value of I, is determined

nuclei as:

by the difference in population between the upper and lower energy levels. The

1
Boltzman distribution describes the thermal equilibrium population of a state [0]

or it separated by energy hyB,. This distribution can be used to calculate the

mean probabilities as:

) e£hvBo/2kpT
T ehBo/2kpT | g—hvBo[2kpT

(3.20)

a1
’if

where kg is Boltzman’s constant and T is the equilibrium temperature of the

nuclei’ surroundings measured in units of Kelvin. At room temperature, the ratio
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ko
hyB,/2kgT, for a typical magnet used in NMR, has the value on the order of\i.
Because of this magnitude and using the series expansion of an exponential, Eqn.

(3.20) can be simplified as:

1
- 5L 117 B,/ 2k5T) (3.21)

e

Eqn. (3.21)is an important result as it suggests that there is a slightly higher
number of nuclei in the lower energy level. This asymmetry is very important
as the resultant magnetisation component M, = M,, is available to be observed
during the NMR process. The ability to use the magnetisation vector is peculiar
to ensembles of non-interacting spin % nuclei and will be employed in the thesis

where proton NMR is used exclusively.

3.1.2 Semi-Classical Description

As discussed in the last section, an ensemble of spins, for I = %, placed in a
magnetic field, B, can be described in terms of a two dimensional magnetisation
vector, M. M undergoes a torque produced by the external field, in which a
change of angular momentum must occur in accordance with Newton’s second
law. Hence the change in the magnetisation vector M can be equated to the
torque as seen:

oM

—- =1(MxB) (3.22)

The solution to equation (3.22) yields the precession of the magnetisation vector

about the external field’s direction at a rate, w, = vB,, where B = B k.

3.1.2.1 Excitation

The application of another oscillating field By, transverse to B, at the same Larmor
frequency, again can be represented by the component of B; rotating in the same
sense as M, namely:

B, = Bi(cosw,ti + sinw,t]) (B:23)

where 1, j and k are the unit vectors aligned along the z, y and z axes respectively.

Thus each component of Eqn. (3.22) can be expressed as:

OM

. = Y(MyB, + M. B sin w,t)
M

aaty = v(M.B;cosw,t — M,B,)

M,

9 Y(—=My By sinw,t — My, By cosw,t) (3.24)
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With the initial magnetisation being aligned with the z-axis, ie. M(0) = Mk the
solution to Eqns. (3.24) are:

Mz = M,sinwtsinw,t
M, = M,sinw;tcosw,t
M. = M,coswit (8.25)

These equations represent a complicated motion of precession about B,, at fre-
quency w,, and about Bj, at frequency w;, simultaneously (see Fig. 3.3). As
in the previous quantum mechanical description of NMR, a transformation to a
frame of reference rotating with B; about z with frequency w, is required. This

change leads to equations (3.25) becoming:

My = 0
M, = M,sinwt
M, = M,cosw;t (3.26)

In the frame of the rotating field By, the previous complicated evolution becomes
a simple rotation about the direction of By by an angle w; At, where At is time
the oscillating field is applied. Hence different angles of rotation are possible by

simply varying the time of application of the oscillating field Bj.
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(@)

(b)

wlm

Figure 3.3: (a) Excitation of the nuclei produces simultaneous precession of the proton’s
magnetisation vector about the main field, B, and applied oscillating field, B;. (b) By
changing the frame of reference to a rotation about B,, at frequency w,, the complicated

motion becomes a simple rotation about the z-axis.
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3.1.3 Relaxation

After the application of the r.f. magnetic pulse, the spins will eventually re-
turn to thermal equilibrium with their surroundings. This process is known as
spin-lattice relaxation and involves the spins transferring their energy to the sur-
rounding lattice. To a very good approximation, spin lattice relaxation involves
an experimental restoration of equilibrium magnetisation. For example , following

inversion of the magnetisation at time ¢t = 0, the M, component evolves as:

t

M.(t) = M,(1—2¢"T) (3.27)

The time constant 7} is known as the spin-lattice relaxation time and is typically
in the range of 0.1 to 10 seconds for protons at room temperature. The origin of
this relaxation is predominantly reorientational fluctuations of inter-proton dipolar
interaction. A characteristic correlation time, 7., for dipolar fluctuations separates
regimes of slow and fast motion (see Fig. 3.4). A T; minimum is observed when
the Larmor frequency is equal to the correlation frequency ie. w,7. = 1. If the
dipoles are mobile and fluctuating very fast, the correlation time will be small.

This mobile regime is known as extreme narrowing.

slow motion fast motion

log (relaxation time)

o1

log (1/w,t.)

Figure 3.4: Fast and slow motional regimes for dipolar fluctuations are separated by a

T minimum.

The process of relaxation to thermal equilibrium between spins, not surpris-

ingly, is referred to as spin-spin relaxation. This process is characterised by the
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time constant, T5. Energy transfer from spin to spin, indirectly via the lattice,
contributes to this type of relaxation along with direct spin-spin processes. This
leads to the result that T < Ty. By contrast with the spin-lattice process, spin-
spin relaxation is dominated by phase relationships detween spins and leads to an
exponential decay of the transverse magnetisation (see Eqn. 3.28). T, times are

in the range of 10 us to 10 s. Given a starting transverse magnetisation My ,(0);
b
Mzy(t) = Mzy(0)e ™ (3.28)

The Anderson-Weiss[45] treatment for relaxation treats the fluctuating dipolar
fields via a time dependent frequency, offset from the average longitudinal field
precession frequency w,. The ensemble mean square average of this frequency
fluctuation is Aw?. For the extreme narrowing regime the relationship between

T, and correlation time 7, is the following;:

1 -
?ﬁ; = AWJTC (3.29)

Thus for rotationally mobile dipoles, long T, times are expected while a short
relaxation time suggests a lack of mobility. The time constants 7} and T, can
become significantly different when interaction between spins fluctuate very slowly,

as they do in solids (see Fig. 3.4).

3.1.4 Chemical Shift

The electron environment of a nucleus will effect its angular momentum thus
shifting its resonant frequency. The shift is strongly dependent on which nuclei
one is dealing with but typical values are a few ppm! for protons. Unlike direct
dipole interactions, spherical terms in the chemical shift Hamiltonian are not zero.
Thus even under rapid rotational tumbling of nuclei, characteristic of liquids,
the chemical shift is still evident. Important information concerning chemical

environment is thus available for both solid and liquid samples.

3.1.5 Signal Detection

An rf coil placed around the sample is responsible for both excitation and de-
tection of the nuclei. Excitation may involve a 90° rf pulse. According to the
discussion on page 27, this would require a pulse of duration At = ﬁ and fre-
quency w,. An oscillatory voltage, typically 4V, would then be induced across the
coil, produced from the precession of the nuclei after r.f. excitation. By mixing

this signal with two reference signals, one 90° out of phase (a process known as

!ppm = Parts per million.
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heterodyning), both in-phase and quadrature signals can be detected. Using the
terminology of the semi-classical description employed earlier, this type of signal
detection essentially measures M, and M, magnetisations. If M(¢) represents the

macroscopic magnetisation at time ¢ then the detection could be expressed as:

e
M,[icosw,t + jsinw,tle T2

= M,evete™ T (3.30)

M(t)

where i and j are the unit vectors in the z and y directions respectively. We
choose an alternative complex number representation in which the real and imag-
inary components represent M, and M,, hence the commonly used terms real
and imaginary signals. The signal is oscillatory, decaying and induced by the free
precession. Thus the signal is known as the free induction decay or FID. Shown
in figure 3.5 are the Fourier transform of the complex signals giving both real

(absorption) and imaginary (dispersion) frequency spectra.
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Aeal Signal Amplitude
..

Imaginary Signal Ampiitude

Fourier Transform

Real Spectrum

Imaginary Speclrum

Figure 3.5: The relaxation of the transverse magnetisation of the nuclei is observed after
the 90° excitation pulse. The example shown demonstrates an experiment occurring ‘off
resonance’.
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3.2 NMR Microscopy

NMR microscopy involves the spatial encoding of spins using magnetic field gra-

dients.

3.2.1 Gradients

If the magnetic field is varied across the sample, nuclei will experience precessional
frequencies dependent upon their position. A linear field variation, or gradient,
allows simple spatial encoding of the nuclei via frequency or phase encoding. These
gradients are usually applied as pulses from independent gradient coil sets and
the resulting fields (in the direction of B,) are superimposed on B,. To enable
only nuclei in a selected region to be excited, for instance in a slice, frequency
selection is essential. This frequency selection is produced by the application of
a time modulated rf excitation pulse in conjunction with simultaneously applied

gradients.

3.2.2 Spatial Encoding

The spatial dependence of the frequency described above, is a result of the linear
variation of a magnetic field in addition to the polarizing field amplitude, B,.

Thus the Larmor frequency can now be defined as:
w(r)=vB,+9G-r (3.31)

where G is the grad of the pulsed gradient field component parallel to B, and r
is the coordinates of the nuclear spin. The frequency distribution described above
is at the foundation of the imaging of nuclei. Methods of reconstructing an image
are numerous[46)- [54]. We will concentrate on one method in particular known

as ‘spin warp’ or Fourier imaging.

3.2.2.1 Spin Density and k-Space

To enable the reconstruction of an NMR image, one must be able to ‘map’ the
local density of the nuclear spins. We will define this density parameter as p(r). If
we consider a small volume, dV, of spins emitting a signal, d.5, according to Eqn.

(3.30), the magnitude of this signal will be:
dS o« p(r)dve )t (3.32)
= p(r)dVe!(1Bet1G 1)t (3.33)

simplifying the proportionality to an equality. Notice that the above equation does

not take into account the effects of relaxation mentioned in section 3.1.3. This
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absence is allowable providing the phase spread of the transverse magnetisation
due to the applied gradient, YG - rt, is larger than the phase spread due to T. As
a result of the heterodyning process, described on page 31, the term, v B,, can be
eliminated if a similar reference frequency is chosen. With this mixing the signal

only oscillates with frequency YG - r. Thus the overall signal obtained from a

S(t):///p(r)e”c'”dr (3.34)

where the integral is taken over volume, dr. The above equation can be simplified

Gt
2r

sample is given by:

more with the introduction of a vector, k = . The vector has the units of

reciprocal space. Eqn. (3.34) becomes:

S(k) = / / / p(r)emer gy (3.35)

At first glance one may recognise Eqn. (3.35) as a Fourierrelation. The associated

inverse Fourier transform is thus:

P(r):///S(k)e‘”"k“'dk (3.36)

Eqns. (3.35) and (3.36) show that S(k) and p(r) are conjugate to each other. This
relation is fundamental in NMR imaging. k-space can be ‘mapped’ by sampling
the signal at different time intervals. Thus S(k) is collected in the time domain
and p(r) is defined in the frequency domain.

In practice k-space can be traversed in a variety of ways, including the method
of filtered back projection[55]-[58) and Fourier Imaging. Only the latter will be
discussed in any detail where inverse space is mapped with a cartesian coordinate

system.

3.2.2.2 Fourier Imaging

As described in the previous section, Fourier imaging (FI) consists of the cartesian
mapping of k-space. This is achieved by sampling of the FID during the applica-
tion of a gradient, G;. A typical pulse sequence is shown in figure 3.6 where we
have aligned the ‘read’ gradient along the z-axis. A gradient applied outside the
time interval associated with the FID collection is known as the ‘phase’ gradient,
named so because of the phase modulation it imparts on the signal. Thus the

signal obtained from this type of spatial encoding can be expressed[59, 60]:
S(keyky) = /20 [/ f p(z,y, z)e*"k==tkv¥) doady| dz (3.37)
J=F =00 /=00
where a is the slice thickness aligned along the z-axis. Assuming a homogeneous

distribution of nuclei within the slice, the outer integral can be ignored as it
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represents an averaging process. Thus Eqn. (3.37) becomes:
Sthask)= [ [ pla,g)e bt dady (3.38)
—00 v —00

Eqn. (3.38) shows a two dimensional Fourier transform of the spin area den-
sity, p(z, y), the reconstruction of which is obtained again by the inverse Fourier

transform: o
p(z,y) = f / S (kzy by e 27 k2 tbut) g, dk;, (3.39)
—00 J =00

Both the reconstruction of p(z,y) and collection of S(kz, k) are achieved by com-

puter. The components k; and k, are given by "'Cé;tx and ﬂ;f” respectively. The

time coordinates, which are usually of different duration, are associated with the
application of the respective gradients. The process of sampling k-space along
the z-axis is achieved by a fixed read gradient and then repeated for successively

increased values of k.

Rf
Read Gradient
t
Phase é
t
i ==
Slice o l

Figure 3.6: The Fourier imaging pulse sequence described consists of a spin echo with the
characteristic phase gradient applied before the read gradient. The inversion of the slice

gradient is to rephase the spins which have acquired a phase shift during rf modulation.

The 180° rf pulse shown in figure 3.6 inverts the precession of the spins thus
reversing the dephasing of the ensemble. If the inversion pulse is applied after
time, 7, after the excitation pulse, then the rephasing of the spins is expected at
time, 27, after the 90° pulse. Thus this type of spin manipulation is known as
a spin echo. There are several reasons for wanting to use such a pulse sequence.
One advantage is the sampling of the complete echo as opposed to the top of the
FID (see figure 3.5) resulting in the data being acquired in the time domain for
both negative and positive times. This fact, along with the use of positive and

negative phase gradients, allow the four quadrants of inverse space to be sampled.
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A second advantage is the ability to use the spin echo to encode for motion of the

spins as well as their positions.

3.2.3 Encoding for Motion

The spin echo pulse sequence described in the previous section can be used to
determine a spin’s motion by applying a pair of gradients, each having amplitude,
g, and duration, 6, before and after the 180° rf pulse. This process, known as pulsed
gradient spin echo (PGSE)[61], effectively ‘tags’ the spins by means of phase. Any
movement of the nuclei within the time, A (see Fig 3.7), will result in a local phase
shift after the refocussing of the spin echo. This phase shift will be proportional

to the displacement of the local spins over time, A.

- n/\nQO/X || 1807y | EchoCentre
vV

Y

-1 > T

Read Gradient i
(G t

Phase Gradient
Gy

Slice Gradient — Eg %

G.) T N

Figure 3.7: The pulsed gradient spin echo (PGSE) pulse sequence allows the spins to be
labeled according to a local phase shift. This phase shift, which is proportional to the
spin’s displacement over time, A, is acquired with movement, while under the influence

of a field gradient, g.

A technique suitable for investigating the distribution of nuclear motion is

q-space imaging.

3.2.3.1 ¢-Space Imaging

The first experimental demonstration and theoretical analysis for the PGSE se-
quence was given by Stejskal and Tanner[62]. This work led to the well known
narrow pulse approzimation (6 € A) in which the echo amplitude, E, is described

as a function of g, 6 and A:

E(g,6,A) = E,e~7%9'DA (3.40)
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where D is the centre-of-mass self diffusion coefficient of the nuclei. The Stejskal-
Tanner description[63] is based on the function, Ps(r|r’,A), which is defined as
the spatial probability distribution. This parameter describes the probability that
a nucleus, initially at position r, will have moved to position r’ at a later time,
A. The normalised echo amplitude, described in Eqn. (3.40), is influenced by the
probability function in the following way:

E(g,6,A)= //’(r)/Ps(r|r',A)ei"‘Sg'(r"")(lr'(lr (3.41)
which for the case of superimposed diffusion and flow leads to[64, 65]:
E(g,5,A) = ¢~ 5°9" DA ginig-vA (3.42)

D is the self diffusion coefficient and v is the flow velocity. From Eqn. (3.42)
it can be seen the echo amplitude depends upon the self-diffusion and its phase
depends upon the component of the flow in the direction of the gradient, g.

In practice, the probability function must be averaged over the ensemble char-
acterised by the starting point, r. Hence the ‘averaged propagator’ is defined

as:

P(R,A) = / p(r)Ps(r|r + R, A)dr (3.43)
pivel

where R is the dynamic displacement given by r’ — r. This ‘new’ correlation

function describes the probability that nuclei will travel a displacement, R, over

a time interval, A. Now Eqn. (3.41) can be written:
E(g,6,A) = / Pi(R, A)e 8RR (3.44)

where the signal has been normalised, hence the absence of p(r). As in section
3.2.2.1, equation (3.44) can be identified as a Fourier relation where E(g,d, A)and
271 A) are conjugate. Analogous to the definition of k-space, a space reciprocal

to the dynamic displacement, R, is defined as[54]:

_ g
q= o (3.45)
Thus Eqn. (3.44) can be written as:
E(q,A) = fﬁs(R, A)ei?" I RgR (3.46)

The PGSE experiment can therefore be thought of as an imaging process in
which the sampling occurs in the conjugate q space and, upon the inverse Fourier
transform, yields the image of P;(R,A) in R space. qg-space is traversed by

incrementing the gradient magnitude, g, a similar process to that observed for
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k-space (see Sec. 3.2.2.1). For the finite width gradient case a more complex
solution is obtainable by replacing A with A — % in the self diffusion exponent.
For flow the exponent is unchanged.

For Brownian motion P;(R,A) is a Gaussian curve centred at R = 0, the
square root of the self-diffusion coefficient is equal to the Full-Width-Half-Maximum

(FWHM) of this curve, given by:

2v6g

FWHM = (In2)DA (3.47)

™

Where flow is also present the diffusive motion is superimposed on a local velocity,
v. Py(R, A) still retains its Gaussian shape but now it is centered at R = vA.
It is this offset which will be used throughout this thesis to calculate velocity
distributions.

What has not yet been discussed is the process by which we can determine a

distribution of velocities. This entails beth spatial and motion encoding.

3.2.4 Combining Spatial and Motional Encoding

A typical dynamic imaging experiment, shown previously in figure 3.7, may involve
an ensemble of spins undergoing Brownian and translational motion. Associated
with each of these types of motion are the self-diffusion coefficient, D and velocity,
v respectively. The signal obtained in the time domain will be influenced by
both the PGSE gradient, g, and spatial gradient, G. The resultant signal will
be modulated in both k- and q-space. These perturbations are separable and
according to Eqns. (3.35) and (3.46) the signal will have the form:

S(k,q) = / p(r)et?rkr / Py(R,A)e > RgRdr

I

/p(r)E(q,r,A)en"k'rdr (3.48)

Eqn. (3.48) states that image reconstruction in k-space will yield p(r)E(q,r,A).
One must remember that P,(R,A) is inherently normalised and thus E(0,r,A)
is unity. This is an important result as it allows the reconstruction of the spin
density map when the PGSE gradient is zero. This implies that E(q,r,A) is
separately obtainable from p(r) by normalising to the zero q image.
Summarising, a signal consisting of modulations caused by both position and
motion can be reconstructed into spatial images with each pixel in that image
having a characteristic phase modulation which arises from the spin’s displacement
over time, A. The phase modulation is proportional to g which is incremented
from an amplitude of 0 — g¢,,4,- Therefore, if a series of images are generated

modulated with increasing q, an inverse Fourier transform with respect to q,
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returns the averaged propagator. Thus the experiment is three dimensional, with
two spatial dimensions and one motion dimension.

In most of the experiments performed in this thesis the average propagator will
be influenced by both flow and diffusion. It will thus consist of a gaussian whose
width is determined by Eqn. (3.47) and whose displacement from the origin will

give a measure of the averaged velocity in that pixel.

3.3 Software and Hardware used in NMR

3.3.1 Imageshow

Imageshow is a software package designed principally by Y. Xia and A. Coy? and
used at Massey University. The source code is written in Pascal and has been
created to operate on Macintosh computers. Full detail of the software can be
found elsewhere[66] as only a brief description of the software’s specifications will
be given here.

Imageshow is an image processing and displaying tool. Image dimensions from
64 x64 pixels to 256x256 pixels, can be processed. As well as many other arith-
metic processes such as addition and subtraction of images, the software is capable
of handling sets of multiple 2-D (ie. 3-D sets) in order to calculate parameters
associated with the third dimension. In particular it is possible to Fourier analyse
this dimension so as to obtain the averaged propagator in the q direction (see page
37), with 256-1024 point resolution.

A typical 3-D velocity data set is shown in figure 3.8 where both real and
imaginary g-slices are shown. The associated velocity and diffusion maps are also
shown. Because of time constraints it is usual to only collect on the order of 8-16
q-slices.

In practice, for velocity mapping, it is convenient to obtain the 2-D spatial FFT
using the computer in the spectrometer unit. After this has been completed the
real and imaginary frequency domain data is transferred to the Macintosh com-
puter for a final inverse q FFT. For various reasons more than one spectrometer

was used in this thesis. An explanation of this follows.

3.3.2 Spectrometers

Three spectrometer-magnet systems were used throughout this thesis. One of
these consisted of a JEOL FX60 spectrometer with a water-cooled electromagnet,

the proton resonant frequency of which was 60 MHz (1.5 T). This system was used

2Previous PhD students in the Physics Department at Massey University.
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3¢ image.v(FFT)

Figure 3.8: The 3-D data set shows a series of proton images of flowing water through a
capillary tube. The phase modulation apparent in these images is due to the evolution of
the spins in q-space where an incremented gradient g is applied. An FFT wrt q reveals

both the diffusion and velocity in the direction of g.

principally for diffusion measurements along with a study of velocity distributions
within a cylindrical-Couette geometry (see section 3.4.2).

The experiments completed on this system coincided with the purchase of a
super-conducting vertical bore magnet and Bruker AMX spectrometer. A larger
proton resonant frequency of 300 MHz (7.05 T) was available. This system was
used to determine velocity distributions in a variety of geometries including cap-
illary flow through tubes. Both of the above spectrometers are located at Massey
University, NMR laboratory, Palmerston North, New Zealand.

The third spectrometer was an earlier version of the Bruker AMX; the Bruker
AM. The magnet used with this spectrometer provided a proton resonant fre-
quency of 200 MHz (4.70 T). The work was a collaborative project with the Royal
Dutch Shell Laboratories in Amsterdam, The Netherlands and involved a relax-
ation study of polyolefin mobility. These experiments were carried out by the

author during a period of ten months at the Dutch laboratories.

3.4 Rheometers

A discussion of the various rheometers used in this thesis follows. Included in this

are the general features of each type of rheometer, ie. detection scheme, geometry
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etc., as well as a detailed analysis of design for each specific magnet described in

the previous section.

3.4.1 The Capillary Rheometer

The standard data obtained from a capillary rheometer, of known length and di-
ameter, is the pressure drop at a known flow rate. From this data the apparent
viscosity can be determined as a function of apparent shear rate. The local shear
rate which varies across the tube is not usually determined. End effects, sometimes

very prominent, are also usually ‘Bagley’ corrected[1]. A capillary rheometer has

A
Reservoir
g To Gilson pump
4
NottoScale N\
Y (o)
A N
1000 mm
Capillary Tube

Figure 3.9: The capillary rheometer produces a variable shear rate across the capillary

tube as well as having to be ‘Bagley’ corrected for entrance and exit effects.

been designed to measuring the velocity profile of some non-N%v;té)nian polymeric
systems across a capillary tube. The rheometer consisted of th¥ee different diam-
eter tubes, of length 1.0 m (see Fig. 3.9), attached to a tubular reservoir via a
swage-lock system. The five inner and outer diameters were: 1.5, 2.6, 3.4, 3.9,
5.0 £ 0.1 mm ID, 3.5,4.2,5.1,6.6, 7.5 £ 0.1 mm OD. Rheometer measurements
consisted of accurate velocity profiles obtained across the diameter of the capil-

lary tube, while a solution was pumped through it. The rheometer was placed
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inside a standard Bruker mini-imaging probe which in turn was placed inside the
magnet. Temperature control is available from -170 — 4200 °C using a Bruker
VTU system. For temperatures above ambient, nitrogen gas is pumped through
the probe via a heating coil. For those temperatures below ambient , nitrogen gas
is passed over liquid nitrogen before the heating coil.

The tubular reservoir (48.88 mm OD and 38.40 mm ID) to which the capillaries
are attached has a ‘bleed’ hole located at the top. With the length of the reservoir
being 400 mm, a storage volume of approximately 150 ml is possible. A small hole
is also located at the bottom of the reservoir to enable pressure measurements near
the capillary entrance. The pressure measurement gives the pressure difference
between the beginning of the capillary tube and its exit at atmospheric pressure.
This parameter is important in estimating the shear stress along the walls of the
capillary. A 407 SenSym pressure transducer, connected to a 6.0 V d.c. power
supply was used.

The flow rate is controlled by a Gilson, Minipulse 3, peristaltic pump. This
pump has an eight roller head which reduces pulsation of the flow. An air gap of
1.0 cm located at the top of the reservoir, ensures that what pulsation is present
is dampened due to the compressibility of the air.

The flow rate selection process was automated by using a Motorola, eight bit,
shift register, connected to the AMX spectrometer. A TTL pulse from the spec-
trometer enables equally stepped flow rates. Each individual flow rate magnitude

is selected by choosing the appropriate maximum flow rate.

3.4.2 The Cylindrical-Couette Rheometer

A cylindrical-Couette rheometer consists of two concentric cylinders, one inside
the other (Fig. 3.10). Either the outer or the inner cylinder is rotated to deform
the material placed between them. With cylindrical-Couette rheometers, the wall
stress of a material is deduced by a torque measurement on the inner rod. As
mentioned on page 5, rheological parameters such as viscosity can be determined
given the stress and shear rate. The NMR method is used to measure the velocity
profile across the deformation region for this geometry. The exact velocity distri-
bution obtained for a Newtonian sample is given by Eqn. (3.49) where again 7 is
the positional variation, a is the inner rod radius, b is the outer cylinder radius
and w, the angular frequency of rotation. In contrast to Eqn. (2.21) the local
shear rate is now given by Eqn. (3.50). The difference between these equations
is a direct result of the cylindrical polar coordinates chosen. If the sample gap

is chosen to be small enough, the cylindrical-Couette geometry can produce a
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Figure 3.10: The cylindrical-Couette rheometer consists of two concentric cylinders with
either the inside or outside cylinder rotating. The local shear rate of the sample varies

across the sample gap according to Eqn. (3.51).

minimal variation in shear rate as a function of position as seen in Eqn. (3.51).

a’w |[b% - r?
v(r) = 77— a? [ . ] (3.49)
. Ow dv v a’w | 2b%
1= :‘E*-=m{ﬁl (3:50)
2a%w

With r~b =4 (3.51)

Two cylindrical-Couette rheometers were constructed both consisting of a 1.98
mm D, 4.96 mm OD glass NMR tube placed inside a 9.0 mm ID, 10.0 mm OD
glass NMR tube. The only difference between the two rheometers is the length
of the flexible drive shaft. This difference arises from the rheometers being used
in different magnets. The shorter drive shaft length is to be used in a 1.50 T
electromagnet, where the rheometer is orthogonal to thLe' direction of the main
field. In contrast, the longer drive shaft is to be used in a N& T super-conducting
magnet where only axial access is possible. There is a distance of 0.70 m between
the center and the outside of the magnet. An inner rod rotation was chosen for
simplicity of the drive mechanism. The Weissenberg effect (polymer climbing the
inner rod)[1] can pose a problem with this kind of rotation, but is very dependent
on viscosity and molecular weight of the sample. The rheometers are both driven
by a 12.0 V d.c. electric brush motor. Because of the ‘sparks’ caused by the motion
of the brushes, careful placement of the motor outside the magnet is essential to
avoid perturbation of the r.f. signal. Both rheometers were checked to see if any

difference had arisen in the F.I.D. after the motors were turned on. The result
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was negative. The rotation rate can be controlled with the same eight bit shift

register described earlier on page 42.

3.4.3 Combined Cylindrical-Couette-Cone-and-Plate Rheometer

A third rheometer was constructed for use at the Royal Dutch Shell Research Labo-
ratories, Amsterdam in the Netherlands. This consisted of a combined cylindrical-
Couette with an additional cone-and-plate (Fig. 3.12).

The details for the velocity dependence of the cylindrical-Couette have already
been discussed in the previous section. The cone-and-plate rheometer is described

pictorially in Fig. 3.11. The separation of the cone and plate depends on radius,

Figure 3.11: The cone-and-plate rheometer provides an ideal geometry for rheological
studies as it has no variation of shear rate across the sample region for sufficiently small

cone angle.

r, as r tan «. Because the local velocity on the cone surface is also proportional to

the radius the shear rate for this geometry, Eqn. (3.54), has no radial dependence.

ov
Yy = — 3.92
W % (3.52)
o (3.53)
Ttan o
w
= .54
tan o (3 )

Although one suffers the obvious sample reduction with the cone-and-plate geom-
etry, resulting in a reduction of the NMR signal, the lack of shear rate variation
with position far outweighs this disadvantage.

The torque on the inner surface of the cone is produced by the shear stress
(0,9) for varying radii on the surface of the cone. According to Eqn. (3.58) this

gives an a® dependence for the torque, where a is the outer radius of the cone.

T = o, X area of cone X (3.55)
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= O'Tg/ 2nr - rdr (3.56)
0
1 «
= 0',.927!’ [—T3:| (357)
3 e
2ro,9a3
_ 7”’30“_ (3.58)

To enable a combined cylindrical-Couette and cone-and-plate rheometer to be con-
structed, investigation into the cylindrical-Couette’s relationship between torque

and shear stress has to be undertaken. Equation (3.61) shows this relationship as

follows:
T = o, X area of cylinder x r (3.59)
Tee it
= 2maa| dl Xa (3.60)
0
= o.92ma’l (3.61)

where [ is the length of inner cylinder. A temperature controlled, combined
cylindrical-Couette plus cone-and-plate rheometer, was to be incorporated into a
200 MHz Bruker super conducting magnet. The minimum rheometer cell diameter
of 9.4 am (see Fig. 3.12) is constrained to the r.f. coil’s diameter of 16.0 mm and
1 mm surrounding vacuum cell. By equating equations (3.51) and (3.54) one can

ensure that the shear rates experienced in the two sample regions are the same.

2a%w _ w (3.62)
b2 —-a? = tana ’

tan~! (% [2—2 - 1]) (3.63)

Thus equation (3.63) requires a ‘cone angle’, @, of 7° if the dimensions are as given
in Fig. 3.12.

The combined torque experienced by both sections in the rheometer is the sum

=

of two terms given by equations (3.58) and (3.61), as follows:

ro2ma’
T = o,02ra®l + % (3.64)
= 2710,9a° [1 + g] (3.65)

Temperature variation of the cell was achieved by pumping nitrogen gas through a
standard Bruker heating coil unit, into the cell, obtaining temperatures of between
20- 200°C . A cylindrical vacuum jacket of 0.5 mm glass walls with a 1.0 mm
separation was used to thermally insulate the cell, in an attempt to minimise

temperature variation in the sample space.
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A vespel center piece with a vespel-graphite bearing was used to reduce friction.
Both materials can withstand temperatures up to 250 °C.

The rheometric drive and torque measuring motor used was a Haake M150
Viscosimeter, with maximum driving frequency of approximately 8 Hz. The mo-
tor’s maximum torque rating was 1.47 x1072 N m. To eliminate magnetic fields
that would perturb the FID, a length of 1.2 m was chosen for the centre guided
aluminum rod which attached the motor to the rheometer inside the magnet (Fig.
3.13). This rod could be moved up and down via a screw thread bearing under-
neath the motor. After the rheometer was positioned inside the probe, the probe
positioned inside the magnet, the rod could be lowered and attached onto the

rheometer.



CHAPTER 3. NUCLEAR MAGNETIC RESONANCE (NMR) 47

I L~
|
|
s o
il
) I
2.}
2|
— oy
e
I.I.l.l‘_/ |
1 b ! |
| 11 |
1 1 |
| | 1
l
I |
| | |
| 1 ‘
[
™ 1 I
i g i
=
fg o é +| Benaming lNetto AFm. [Materiaal |Norn Opmerkingen
az|2~ SWaar nlet anders aan gegeven tolerantie vig.+/-1/2IT16(28001V ) of MESC.
gﬂzen in_mm_|Wij21ging [al 18] el o]
REMN Ischaal: Projectnaam Shearstress cel voor NMR
Pecs bt ) B WSO A Toe| Benaming van
achrif el e toestemang vun pencende de tekening Fiacad\nesbrtt\shearmnat
och et etk prdeetish s vormegrad Afar RIS/12 [Tekeningnummer
el X regrased Voor E accd gnu
Ale rechten voorbehouden Get. door AP, Mizee T I [ l ] l E _!‘ i
K S |_ A ConstructeunM|Z [E] Fhrosecs e yi
Pro jectleider 3 [pummer Jaarj/\ly 5 §§

Figure 3.12: Schematic diagram of a variable temperature, combined cone-and-plate and
cylindrical-Couette rheometer, for operation in a 200 MHz super conducting magnet. A

7° ‘cone angle’ ensures shear rates are equal in each of the rheometer regions.
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Figure 3.13: To eliminate unwanted noise, produced by the combined cylindrical-Couette
and cone-and-plate rheometer’s electrical motor, a distance of 1.2 m was chosen between

the motor and the r.f. coil.
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3.4.4 Power Law Velocity Profiles

The power law constitutive equation (Eqn. (2.18)), applied in different shearing
geometries, leads to analytical solutions of the velocity distribution unique to each
respective theometer. The case of the capillary is described in equation (3.66),
with R the radius of the tube, AP the pressure difference between the ends of
the capillary and AL the length of the tube. This result assumes a boundary
condition of zero velocity at the capillary wall. This zero-slip condition will be

evident in most of the data we present here but is not always true (see Sec. 2.3.1).

AP n
| il (n+1)/n _ (n+1)/n
o(r) [AL] (n+ 1) [R ' ] (3.66)

To derive the cylindrical-Couette velocity profile the momentum equation
(Eqn. (3.67)) and the local shear rate (Eqn. (3.68)) are expressed in cylindrical
polar coordinates, again applying the non-slip boundary condition. This yields

the azimuthal velocity vy:

J

E(r?%) =0 (3.67)
. Ow

= vy = —kyriTH™ kyr (3.69)

where k; = (%)1/", ka = ¢4 and ¢y, ¢y are arbitrary constants.

With a central rod, of outside radius r;, rotating with frequency w inside the
outer cylinder, of inside radius 7,, the boundary conditions are thus set: vy = wr;
at 7 = r; and vy = 0 at r = 7,. The result is depicted in a non-dimensional form
in Eqn. (3.70) with k' = It and R = .

R(1- R 2%n
g g (3.70)
wry K (1- fg-2/n)

It must be emphasised that the power law theory has no particular physical
significance. For example it does not explain the dependence of the rheological
behavior on a molecular property. Nevertheless it is helpful as a measure of the
relative shear thickening or shear thinning via the magnitude of the power law

exponent n.



Chapter 4

Shear Thinning of Semi-Dilute
PEO Solutions

Previous investigations made by Xia and Callaghan of the behavior of polydisperse
polyethylene oxide (PEO)[12] solutions, demonstrated the shear dependent viscos-
ity often observed in semi-dilute polymer solutions, polymer melts and colloidal
suspensions. Semi-dilute PEO/H,0 solutions exhibit a viscosity which decreases
with increasing shear rate, as described in section 2.1.2.2. This phenomenon is
known as shear thinning. The non-linear behavior was illustrated by Xia and
Callaghan by measuring the velocity profiles of 0.5-4.5 % (weight per volume
(w/v)) PEO/H;0 solutions across a vertical capillary tube. This data was com-
pared to a Poiseuille flow distribution, characteristic of a Newtonian fluid. The
measurements were carried out at 60 MHz in a horizontal electromagnet (Jeol
FX60). An enhanced velocity gradient was observed near the cylinder’s wall asso-
ciated with the lowering of the local viscosity of the material. Other shear thinning
studies, including the investigation here, which have appeared in publications are
given in references[67]-[74].

As the production of monodisperse polymers in sufficiently large quantity for
flow measurement is difficult and expensive, studies involving polydisperse poly-
mers are usually more attractive. The work presented here investigates the behav-
ior of monodisperse PEO semi-dilute solutions with diffusion, flow and viscosity
measurements. To demonstrate the shear thinning behavior of this fluid in differ-
ent shearing geometries, capillary, cone-and-plate and cylindrical-Couette systems
were studied (refer to Sec. 3.4).

50
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4.1 Diffusion & Velocity Measurements

The concentration dependence of self-diffusion for semi-dilute, polydisperse, PEO /D30
solutions has been investigated by Xia and Callaghan[12]. Their findings suggested

—175 " This exponent is pre-

that the diffusion scaled with concentration, ¢, as ¢
dicted by the Doi/Edwards/de Gennes theory of reptation [38][75]- [77], based on
a random coil whose dimensions scale with molar mass to the power of 0.6, con-
sistent with excluded volume statistics. The study also included an investigation
of 1.5-4.5 % (w/v) polydisperse PEO/H;0 solutions, demonstrating a character-
istic ‘plug’ flow in capillaries. The flow profiles exhibited non-Newtonian behavior
once the concentration was sufficient for entanglement effects to occur. A power
law fitting procedure was utilised to gauge the extent of devi{mgi‘on from Poiseuille
behavior, leading to a value of n of around 0.4 (refer Eqn. ($&4)).

One of the aims of the present work was to study the diffusion of monodisperse
PEO/D;0, and to compare its concentration dependence with the previous work
of Xia and Callaghan. Another aim was to compare shear thinning behavior, ex-
tending the study to capillary end cylindrical-Couette geometry. It was hoped that

the narrower molecular weight distribution might reveal interesting differences.

4.1.1 Experimental Setup

Monodisperse PEO was obtained from Polymer Laboratories!. The manufactur-
ers estimate of the molecular weight was 930 000 da with a polydispersity factor
1}\—4,[4: = 1.12. Various PEO/D,;0O concentrations were prepared, in the range of
0.5-8.0 % (w/v). The solutions were contained in 4.0 mm NMR test tubes with
copper sulphate added to reduce the T; relaxation time and hence increase the
signal-to-noise ratio. This type of ‘doping’ was also used by Xia and Callaghan
who found no significant change in polymer diffusion coefficients, before and after
doping. This result suggested no change in the rheology or structure of the solu-
tions had occurred. It has also been our experience that such aqueous solutions
are vulnerable to bacterial degradation. Sodium azide can be used to eliminate
this. It was decided not to add such a disinfectant in order to minimise pertur-
bation to the physical chemistry of the solutions. In retrospect this turned out to
be a costly strategy because of the limited lifetime of the polymer solutions.

The work described here coincided with the purchase of a new super-conducting
magnet and spectrometer. Equilibrium self-diffusion measurements were com-
pleted at 28 °C, using a modified JEOL FX60 NMR spectrometer, at a proton
NMR frequency of 60 MHz. A home-built PGSE ‘super-G,’ probe was used for

'Church Stretton, Shropshire, England.
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the diffusion measurements. It consisted of a 4.0 mm ID copper r.f. coil and an
unscreened planar gradient coil (Gy). The maximum field gradient possible was
48.7 T m~! A-L

The velocity data were collected on the Bruker (AMX) spectrometer operating
at 60 MHz when used in conjunction with the electromagnet described above and
at 300 MHz when used in conjunction with the vertical bore, super-conducting
magnet. Both the cylindrical-Couette and capillary measurements were completed
in their respective magnets at a temperature of 28 °C. Because the capillary flow
experiments in the vertical bore magnet were carried out using a 1.5 mm ID tube, a
standard Bruker imaging probe was used with the smallest (5.0 mm ID) r.f. insert
in order to optimise the signal-to-noise ratio. Two of the three screened gradient
coils (G, Gy) offered a maximum gradient of 0.35 T m~!, while G, gave a larger
field variation of 1.06 T m~!. The solutions were pumped through the capillary
by pressurised nitrogen, fed from an industrial gas cylinder with an adjustable
pressure regulator (see Fig. 4.1). Thus a change in the flow rate could be easily
achieved by changing the pressure in the reservoir. Due to the non-cyclic pumping
system, a relatively large amount of the PEO/H,0 solution was required. This

criterion was met by a one litre reservoir filled almost to capacity.

¥ .
Reservoir —» i’
X 2

Catehment—si o

Figure 4.1: A maximum of 20 atm. pressure, provided from an industrial nitrogen
cylinder, allowed a maximum flow rate of 5.8 ml min~! through the 1.5 mm capillary
tube. Care was taken to ensure line feeds were free from air bubbles which would cause

serious anomalies in both position and velocity of the image.

Details of the cylindrical-Couette rheometer are given in section 3.4.2. The

cell comprisedl{of an inner rod of outside diameter 5.0 mm and an outer cylinder of
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inner diameter 9.0 mm. The rheometer was housed inside a home-built imaging
probe which used two quadrupole coils and a planar coil. The quadrupole (refer
Sec. 8.2.1) coils, Gy and G, could generate a maximum gradient of around 7.12
T m~!. The planar coil, G, offered a smaller linear field variation of 2.80 T
m~!. As well as rf synthesis, gradient switching was also controlled by the AMX
spectrometer in conjunction with a Bruker B-AFPA 30 power amplifier. With a
typical gradient coil resistance of around 2 €2, a peak power of 1800 W is available.
Depending upon the relevant pulse sequence used, the corresponding duty cycle
may give a continuous power of up to 50 W.

Both the diffusion and velocity measurements utilised the pulsed gradient spin
echo (PGSE) pulse sequence described in section 3.2.3. The diffusion data was cal-
culated from the decrease of the echo amplitude as the magnitude of the gradients
were increased (Eqn. (3.40)). The echo amplitude is proportional to the area of its
corresponding Fourier spectrum, allowing an estimate with reduced noise because
of the bandpass filtering effect of setting a narrow frequency window. Gradient du-
rations in the range 0.1-1.0 ms were used, with separation between gradient pulses
ranging from 10-100 ms. To ensure an accurate measurement of echo magnitude
decay, at least 80 % attenuation was achieved in all measurements.

The velocity data was calculated by using the offset of the motional propaga-
tor with results from the ordered motion. An FFT with respect to the stepped
gradient g, for each pixel in the q images, will reveal the shifted motion spectrum.

A detailed description of this process is given in section 3.2.4.

4.1.2 Results

A sample echo attenuation plot for 930 000 da PEO in D20 is shown in figure 4.2
along with a straight line fit based on Eqn. (3.40). The initial rapid decay is prob-
ably due to the proton signal arising from non-deuterated or partially deuterated
water. This signal decays rapidly leaving the signal from the polymer protons un-
contaminated at larger values of q. Hence the diffusion coefficients obtained from
the higher q data are not affected by this anomaly. Figure 4.3 shows the polymer
diffusion coefficients as a function of the w/v concentration of PEQ. There exists
a clear change in the slope around a concentration of 1-2 %, indicating the crit-
ical concentration, ¢*, for the onset of polymer entanglements. The dependence
of diffusion on concentration above ¢* is consistent with the scaling exponent of
around -1.7.

To illustrate the velocity data obtained from the cylindrical-Couette rheometer,
a normalised velocity plot of a water sample is shown in figure 4.4. A central

diametral slice was taken from a 128x 128 velocity image with a 15.0 mm field of
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Figure 4.2: The echo attenuation associated with application of the increasing q gra-

dient is a result of non-refocussed magnetisation. This is caused by the random motion

2

associated with diffusion. The logarithmic plot of the signal versus q° reveals a straight

line, the slope of which is the diffusion coefficient. Note q = vyég/27.

view (FOV). The positive and negative lobes can be seen on the normalised plot,
corresponding to the velocity measured perpendicular to the inner rod’s direction.
A rotational speed of both 0.4 and 0.8 Hz shows no change in the shape of the
velocity profile typical of a Newtonian fluid, such as water. A power law fit (refer
Sec. 3.4.4), with an exponent of n = 1.0, agrees well with the velocity distribution
for this geometry.

The shape of the velocity profile obtained using 5 % monodisperse PEO/H,0
(Fig. 4.5) is quite different from that of water. In the polymer solution, shear
thinning effects lead to a velocity profile which exhibited a high shear region close
to the inner rod. A comparison of this region expanded (Fig. 4.6), as the inner
rod’s rotational frequency is increased, shows a subtle increase in the local shear
rate. The difference in gradient is more pronounced closer to the inner rod where
the local stress is larger (see Eqn. (3.51). A power law exponent of around 0.4
shows a good agreement for the smallest rotational speed of 0.4 Hz (see Fig. 4.7).
A smaller exponent of around 0.35 best described the largest angular velocity
profile. This tendency to lower power law exponent with increasing shear rate
is also apparent in mechanical measurements using a cone-and-plate rheometer
(Fig. 4.6) and is entirely consistent with both the Doi-Edwards and Graessley[78]

models for entangled polymer non-linear viscosity.
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Figure 4.3: Double logarithmic plot of diffusion versus concentration for 930 000 da PEO
in D,0. The change in the slope at around 1 % concentration suggests a ¢* transition to

an entangled state.

Figure 4.8 shows comparative data for the same solution flowing in a capillary
tube. Again a diametral slice is shown with a corresponding FOV of 2.5 mm. A
comparison can be made between the velocity distribution of the 5 % PEO/H,0
and a power law fit of n = 0.4. Although the velocity contrast is poor, a reasonable
agreement is found. The maximum velocity of approx. 11.0 mm s~! determines
that the shear rate is 30 s~! at the tube walls.
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Figure 4.4: The Newtonian behavior of water in a cylindrical-Couette rheometer is

demonstrated by the fitted power law exponent of n = 1.0.
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Figure 4.5: A comparison of water and PEO/water velocity profiles in a cylindrical-
Couette geometry, rotating at a frequency of 0.8 Hz, shows an increase in the velocity

gradient close to the inner rotating rod.
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Figure 4.6: As the frequency of rotation is increased an increase in the velocity gradient

is seen in regions of high shear, next to the inner rod.
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Figure 4.7: The extent of shear thinning is depicted by fitting a power law fit to the
velocity data. An exponent of n = 0.4 best describes the velocity distribution in the

cylindrical-Couette geometry.
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Figure 4.8: A similar power law exponent of n = 0.4 is obtained for velocity data in a

capillary geometry as that of the cylindrical-Couette.
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4.2 Discussion

It is clear that the diffusion and velocity profile data obtained by Xia and Callaghan,
using polydisperse PEO in water, is broadly similar to that observed here using
monodisperse PEO. The present data can be used to obtain an independent esti-
mate of the molecular weight of the monodisperse PEQO, used in this work. Xia
and Callaghan cayried out a measurement of monodisperse PEO self diffusion with
varying._;yol;ﬁ?nozlm:so‘a?g fixed concentration of 5.0 % (w/v). A polymer diffusion
coefficient of 3x10714 m2s~! is found for the 5 % concentration with the work
presented here. This corresponds to a molecular weight of around 950 000 da
found with Xia and Callaghan’s monodisperse PEO study. This molecular weight
agrees well with the manufacturers estimated molecular weight of 930 000 da.
The concentration, c*, found for the 930 000 da PEO is larger than that ob-
served by Xia and Callaghan, consistent with the larger molecular weight of PEO
(1.6x10° da) used in the earlier work. The scaling dependence of the diffusion
coefficient on concentration for the 930 000 da PEO (¢~!67) is also close to that

~1.75), It is not our intention to debate whether such ap-

measured previously (c
parent scaling behavior is evidence that the reptation hypotheses are correct, but
simply to demonstrate that these findings are broadly consistent with previous
measurements.

Cylindrical-Couette velocity measurements demonstrated the shear thinning
behavior of the semi-dilute PEO solution. The fitted velocity profile show good
agreement with a corresponding power law exponent of 0.4. It is noted that this
value is consistent to a similar fitting procedure for the capillary measurements.
This consistency is evident despite the fact that the material is subjected to vastly
different local shear rates; 0-7.2 s~! for the cylindrical-Couette and 0-30 s=! for
the capillary. In addition, this work is again comparable to the capillary velocity
measurements of Xia and Callaghan which show the same power exponent at
similar 4.5 % concentration.

Independent viscosity measurements were also carried out on the 5 % PEO
solution using a Bohlin cone-and-plate rheometer (see Sec. 3.4.3). The cone had
a 2.5 ° incline and a 30 mm OD. A 4.29 Kg m~! torsional bar was used to ensure
a sufficient response was recorded from the material’s deformation. An identical
temperature to that used in the velocity measurements (28 °C) was provided by
a variable temperature water bath. A shear rate range was chosen to provide a
comparative strain rate regime as the cylindrical-Couette and capillary velocity
measurements. The shear rate was started from 5.0 s~1, swept to 50.8 s~!, then
returned to 5.0 s~!. Each individual measurement was maintained for 10 s before

continuing to the next data point. No hysteresis effects were found. Figure 4.9
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reveals the reduction in the viscosity as the shear rate is increased with one sixth of

the material’s low shear viscosity achieved as 50 s~! is reached. A closer inspection
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Figure 4.9: Again the shear thinning behavior of a PEO solution is demonstrated, but

here the absolute viscosity has been measured.

of the scaling of this viscosity with shear rate is achieved if the double logarithm
of Fig. 4.9 is sought. Eqn. (2.19) predicts the slope of the logarithmic plot would
allow the magnitude of the power law exponent to be determined. Figure 4.10
suggests that the value of this exponent is around 0.39. The agreement of this
exponent with power law exponent values determined earlier using velocity profile
fitting, is encouraging. These findings suggest that the constitutive equation (Eqn.
(2.18)) has general applicability in predicting velocity profiles and that analysis of

these profiles provide another method for determining the extent of shear thinning.

A possible explanation for shear thinning is that migration[79] of solvent and
solute forms an inhomogeneous flow regime. The resulting concentration gradient
may be caused by the difference in the local shear rate and result in a difference
in the local viscosity. Thus in the study here, such a model would predict that the
increase in the velocity observed at the capillary walls could be due to a higher
concentration of water in the highest shear rate regions. Thus a larger PEO
concentration would be found in the center of the tube.

A chemical-selective pulse sequence was used to establish if any differences in
PEO/H,0 concentrations could be detected in the capillary while the PEO so-

lution was being pumped. Chemical-selective imaging is not new, having been
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Figure 4.10: An independent method for determining the power law exponent reveals a

value similar to previous velocity profile fitting methods.

reported in other applications of NMR imaging to botany[80, 81] and material
science[82] (see also Sec. 8.3). Chemical-selection is based on the NMR frequency
difference of nuclei due to their different chemical and hence electronic environ-
ment. (refer to Sec. 3.1.4). Thus, a method for selecting only the protons located
on the PEO chain without water protons is available. Approximately 300 Hz sep-
arates the water and PEO spectra, ensuring no ‘overlap’ of the signals obtained
from the respective nuclei. A pulse sequence similar to that used here is shown
in Fig. 3.6 where the 180° ‘hard’ pulse is now replaced by a 180° ‘soft’ pulse.
The lack of coexisting field gradients for this 180° pulse means that the frequency
selection is ‘chemical’ rather than ‘spatial’.

The 5.0 % solution of PEO/H,0 was pumped through the same 1.5 mm cap-
illary tube with flow conditions identical to those described earlier. Profiles of
the proton intensity are shown in Fig. 4.11 for both the water and PEO signals.
To enhance the comparison, both profiles have been normalised. No significant
differences between the plots were observed and the magnitude is similar across
the entire cross-section of the tube. Thus no evidence was found to support a

migration model for the shear thinning phenomenon.
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Figure 4.11: Migration of PEO or water appears absent, as the magnitudes for both

respective profiles are essentially the same.

4.3 Conclusions

In summary, monodisperse PEQO exhibits shear thinning behavior in both capillary
and cylindrical-Couette shearing geometries. The capillary results are similar
to those found in an earlier study using polydisperse PEO in water. Similar
agreement is found in a study of polymer self-diffusion and its dependence upon
concentration. The extension to Couette geometry as described in this work is
quite new and illustrates that Rheo-NMR studies can be carried out with small
sample volume in this more convenient arrangement. We have also found, using
the cylindrical-Couette cell, that shear thinning increases with increasing shear
rate. The extent of shear thinning is measurable by the power law velocity fitting
procedure and is entirely consistent with rheometric studies using a cone-and-plate
viscometer, as well as being consistent with both the Doi-Edwards and Graessley
models of shear thinning in entangled polymer solutions. It is a significant outcome
of the present study that despite the monodispersity of the polymer used, no ‘spurt
effect’ was observed in capillary flow. In all the velocity profiles examined, a no
slip boundary condition was found and the dependence of flow rate on applied
stress appeared monotonic. In chapter 6, where a study of wormlike surfactant

flow is described, strong spurt effects will be demonstrated.



Chapter 5

Slip Behavior of Xanthan Gum

Solutions

In this chapter it is the intention of the author to repeat earlier experiments
which have indirectly observed the slip phenomenon. As discussed in section 2.3.1
Mooney plots have been a useful tool, demonstrating that the slip velocity is
not only a function of wall shear stress, o,,, but also of the ratio of a capillary’s
length to diameter (%)[23]. These studies were completed using 0.2 % (w/v)
Unam Xanthan gum solutions, gravitated from a reservoir into varying length and
diameter horizontal capillary tubes. The capillary wall stress was estimated by
measuring the pressure at the entrance of the capillary tube using a diaphragm
pressure transducer. The flow rate’s dependence on tube diameter leads to an
estimate of the magnitude of the slip velocity.

The data presented here is predominantly velocity profile measurements ob-
tained across a pipe using the same capillary geometry as the earlier studies de-
scribed above. It was hoped that a direct measurement of the slip velocity could

be achieved, as well as its dependence on % and reservoir-capillary dimensions[83].

5.1 Xanthan Gum

Xanthan gum is a polysaccharide used in industry as a food thickener. The gum
can also produce stabilising emulsions and lubricants. Industrially useful polysac-
charides not only sweeten mixtures but also modify the rheological properties of

aqueous solutions[84, 85].

63
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5.1.1 Structure

Xanthan gum is a high molecular weight heteropolysaccharide comprising three
monosaccharides; mannose, glucose and glucuronic acid. The repeating unit struc-
ture of Xanthan gum(86, 87] is shown in figure 5.1. A molecular weight of up to
2 million da can be expected for Xanthan gum(88], but values as high as 13-50

million da have also been reported. X-ray diffraction studies show that Xanthan
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Figure 5.1: The primary structure of Xanthan gum reveals the repeating unit of the
polysaccharide is comprised of three monosaccharides: mannose, glucose and gluconic

acid.

gum has a right handed helical backbone with the tri-saccharide side branches
aligning with the backbone[89]. Solution studies have also shown the Xanthan
molecule is rodlike with a certain degree of flexibility[90].

The overall conformational stability has been suggested to rely on non cova-
lent interactions between backbones of different chains[91]. It has been suggested
that these weak interactions form complex network aggregates which are easily

disrupted under the influence of shear.

5.1.2 Properties

Solutions of Xanthan gum display unique rheological properties such as high vis-
cosity at low concentrations, high viscosity at low shear rates and high elasticity[92].
Xanthan solutions exhibit high stability over a wide range of solution conditions,
including ionic strength variations, heat, pH changes, shear, additions of acids,
bases and salts[93].
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Xanthan gum solutions are pseudoplastic; when shear stress is applied the
viscosity of the solution decreases in proportion to the amount of shear. Upon
release of shear the viscosity is instantaneously restored. The decrease in viscosity
with applied shear is a result of complex aggregates, bound by weak hydrogen
bonding, easily broken under shear. Once the shearing force is removed, the
aggregates reassociate to produce high viscosity. These aggregates, along with
stiff rod-like molecules, are also the reason for Xanthan solutions having a high

viscosity at low shear rates.

5.1.3 Molecular Weight Distribution

Three different sources of Xanthan gum were used in the study presented here:
Unam!, Kelsan? and Aldrich®. The molecular weight distribution of all three
polymers was determined by gel permeatation chromatography (GPC). This work
was carried out by Dick Poll at the Biochemistry Department, Massey University.
The GPC method involves the gravitation of polymer solutions through a vertical
tube filled with regular diameter beads. The larger molecular weight polymers pass
through the column faster as they are less likely to be absorbed by the beads. By
using a standard sample of known molecular weight as a reference, the molecular
weight distribution of another polymer system may be determined.

Saturated solutions of Xanthan polymers were made using distilled water and
then filtered through 0.2 pum filter paper. A 300 mm length, 10 mm ID tube
was loosely packed with 12.0 um crosslinked agarose beads and filled with 50 mM
sodium chloride in water. Each Xanthan solution in turn was passed through the
column and detected by a light sensitive meter positioned at the bottom of the
column. The absorption of the light is proportional to the concentration of the
solution. Figure 5.2 shows a plot of concentration of the solutions versus the log
of time. To establish the absolute molecular weight of the Xanthan samples, a
saturated solution of poly(ethylene) oxide (PEQO) was also prepared and passed
through the GPC column. Previous light scattering measurements of this poly-
mer carried out by Polymer Laboratories? gave predominant molecular weights
of 847,000 and 105,000 da. Comparison of each Xanthan data set with the PEO
data shows peak molecular weights on the order of 1.0 Mda for both Unam and
Kelsan but a lower value of 0.7 Mda for Aldrich. Also lower weight components

are observed centered around 10 kda.

!(U)niversidad (N)acoinal (A)utonoma de (M)exico.
?Named by the Kelco chemical company.
3 Aldrich chemical company.

*Polymer Laboratories, Church Stretton, Shropshire, England.
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It must be noted that comparison of branched polymers such as Xanthan gum
with PEO, which is a linear polymer, can give misleading results. In general a
smaller dimension is expected for a branched polymer than a linear polymer of
the same molecular weight. Since GPC separation depends on size, we expect an
apparent molecular weight for a branched polymer which is lower than its true
weight. A combination of light scattering and GPC can overcome the apparent
weight problem and is discussed in more detail on page 113.

Since light scattering-GPC measurements are unavailable for comparison with
the above GPC results, the molecular weights measured here give a comparative
measurement. Any difference in apparent and actual molecular weights of the
above study are assumed small, as the branch length is comparatively small to the

backbone length.
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Figure 5.2: Gel permeatation chromatography (GPC) reveals the molecular weight of the
Xanthan gums are on the order of 1 Mda. Comparisons of GPC data of a non-branched
polymer (poly(ethylene oxide)) and a branched polymer (Xanthan gum) are assumed
correct as side branch length is comparatively small.
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5.2 Cone and Plate Viscosity Measurements

To investigate the shear thinning and elastic properties of 0.2 % Unam Xanthan
gum solution, a Bohlin cone-and-plate rheometer was used for rheological mea-
surements. This work was carried out by Rod Lambert®. A full description of the
cone-and-plate cell is given in section 3.4.3. A 2.5° angle, 30 mm OD cone was
chosen with a similar sized plate connected to a computerised water bath keep-
ing the temperature constant to within £ 0.1 °C. The measurements here were
completed at a temperature of 22.0 °C.

A 0.2 % (w/v) solution of Unam Xanthan gum was prepared using distilled
water as a solvent. Because the solution degraded within approximately four days
after preparation, it was essential that every new solution was prepared identically.
Also, because the Xanthan solution was to be used in NMR experiments requiring
long experimental time (see section 5.4), a large quantity had to be prepared each
time. Another reason for careful preparation of the Xanthan solutions was the
tendency of the solutions to coagulate, forming highly viscous ‘blobs’. This effect
is undesirable and can be avoided by long, slow mixing times. The following

mixing method was used:

1. To ensure no bacteria were present in the mixing vessel, a 5.0 litre conical
flask was sterilised using firstly detergent and distilled water. Secondly, the

flask was rinsed with ethanol and finally distilled water.

2. 2.00 £ 0.01 litre of distilled water was measured using a standard measuring

cylinder.

3. 4.00 £ 0.01 g of Unam Xanthan gum powder was weighed on a piece of dry

filter paper using a digital balance.

4. The 2.0 litres of solvent was stirred using a magnetic stirrer operating at 60

rpm.
5. The Xanthan powder was slowly added to the solvent, 1.0 g every hour.
6. After mixing the solution was refrigerated at 4.0 °C for 24 hours.

7. 12 hours before an intended experiment the Xanthan solution was allowed

to equilibrate to room temperature.

The comparatively low rotational stirring speed was to ensure no fragmentation
of the Xanthan polymer. Refrigeration of the solution provided protection from

bacterial degradation over the further period of time needed before dissolution.

>Physics Department, Massey University
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Shown in figure 5.3 are the results from two constant shearing experiments.
Each experiment was completed at different shear rate regimes to establish whether
the extent of shear thinning is constant throughout a large shear rate range. The
first shear rate range was from 0.004 - 0.06 s~! and the second 0.8 - 501.2 s~!.
The experiment clearly demonstrates the decrease in viscosity as the shear rate is
increased. By fitting a best fit regression line through the present data, a power

law exponent, n, is given as n = 0.402 £ 0.002.
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Figure 5.3: Powerlaw fitting of the viscosity versus shear rate data show n = 0.402. This

value is consistent to as low a shear rate as 0.0040 s~?.

Dynamic oscillatory experiments were also completed on the Xanthan sample
as seen in figure 5.4. The same cone-and-plate, as used in the constant shear
experiments, was used here. The results clearly reveal the storage modulus , G’,
having a higher value than the loss modulus, G”, even to as low a frequency as 0.1
Hz. Thus the solution behaves as an elastic fluid in a comparatively low shear rate
regime. Such behavior of low concentration solutions has been attributed to the
Xanthan polymer having high structure and being solid-like[92]. The suspending

properties of Xanthan gum are largely attributed to these properties.
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Figure 5.4: Dynamic rheological tests reveal that 0.2 % Unam Xanthan solution has a
storage modulus larger than the loss modulus to as low a frequency as 0.1 Hz. This elastic

behavior of Xanthan gum is typical for low concentration solutions.
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5.3 Velocity Measurements in Cylindrical-Couette Flow

5.3.1 Experimental Setup

Investigation of the 0.2 % Xanthan gum solution was undertaken to see if the slip
behavior could be observed directly. This was achieved by measuring the velocity
distribution of the solution while being sheared in a cylindrical-Couette geometry.
The geometric details of the rheometer are given in section 3.4.2 and chapter 4
where, for the latter reference, the rheometer was used for velocity measurements
of the PEO solutions. Of note are the inner and outer diameters of the inner
rotating rod rheometer namely; 3.28 ID, 4.96 OD and 9.00 ID 10.00 OD mm.
With these dimensions and an approximate maximum rotation frequency of 2 Hz,
a maximum shear rate of up to 10 s~! is possible for a Newtonian solution. The
orientation of the rheometer used in a 7.05 T super-conducting vertical magnet

is shown in figure 5.5. As a large signal-to-noise ratio was sought, a 10.0 mm

Not to Scale

Brush dc Motor

y X z X
Flexible Drive Shaft
W Magnet Jr70 Lock Screws 14m
Xanthan Solution

4.96 mm OD

10.0 mm OD

Figure 5.5: The cylindrical-Couette rheometer was placed in a vertical 7.05 T super-
conducting magnet. A 10.0 mm ID r.f. coil was chosen to maximise the ‘filling factor’

and hence the signal-to-noise ratio.

ID r.f. coil was chosen. This diameter allowed the maximum volume of sample
nuclei to coil volume, known as the ‘filling factor’, a criterion used to optimise the
signal-to-noise ratio.

The velocity distribution was calculated using the proton g-space Fourier trans-
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form method described in section 3.2.3 where 8 ¢-slices were chosen to ensure a
relatively short experiment time of around one hour. The Unam Xanthan gum
solution was placed between the concentric cylinders. In addition a small portion
of the sample was placed inside the inner cylinder. The existence of a sample in
a region of non-shear, inside the inner cylinder, made possible an extrapolation
of the rigid body velocity profile. This extrapolation into the region between the
cylinders enabled a determination of the velocity of the outer surface of the inner

rotating cylinder, thus revealing the extent of slip.
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5.3.2 Results

Figure 5.6 shows images of the complete rheometer cell using a field of view of
12.0 mm. A series of two 128x 128 real and imaginary ¢ images show phase stripes
associated with the movement of the nuclei. A comparison of these stripes from one
q slice to the next reveals the evolution of the phase differences as the ¢ gradient is
increased from zero to a maximum of 1.06 T m~!. In increasing the magnitude of
the gradient the effects of diffusive attenuation are also clearly visible. The phase
differences are compared over a time duration of 50.0 ms with each ¢ gradient
being applied for 1.5 ms. The modulus image, calculated from the first real and
imaginary images of the sequence where the ¢ gradient was zero, and the velocity
image are shown at the end of the ¢-slice sequence. The modulus image, which
shows the proton concentration as a function of position, would suggest the inner
rotating rod was not perfectly circular. As the rod was indeed circular, the image
effect has been attributed to the time delay between the application of the phase
encoding and read encoding gradients. The intensity modulations are due to signal
caused by non-relaxed nuclei from one FID collection interfering with those from
another rf pulse in a subsequent acquisition. These distortions are absent if a pixel
wide profile is chosen in the centre of the rheometer from left to right. Thus when
the velocity profile of the rheometer is sought a similar profile must be taken.

A clearer contrast of the velocity distribution can be seen in figure 5.7 where
a stackplot has been constructed. The region of non-shear within the cell can be
seen where the velocity distribution v(r) obeys a linear relationship with position
r, v = rw. Thus this plane can be extrapolated to obtain the velocity of the
outside of the inner rod, adjacent to the sheared solution.

To increase the accuracy of the velocity measurements the spatial resolution
of the velocity map must be increased. This required the excitation of a smaller
region of the sample if image ‘foldback’ was to be avoided. This excitation was
produced by two slice selective pulses in the z and y directions. The exact pulse
sequence is shown in figure 5.8. As the T; relaxation time of the ‘undoped’ 0.2
% Xanthan solution is long, repetition times up to 2 seconds were required. This
time was shortened by applying 1 ms gradient pulses on all three gradients after
collection of the FID (see Fig. 5.8). A 5.0 mm x 10.0 mm FOV for the respective
z and y positions were chosen.

An example of the increased resolution velocity image is shown in figure 5.9
showing the velocity profile of the Couette cell. An approximate rotation speed of
0.26 Hz was set by adjusting the rheostat-controlled electric motor. As seen, an
extrapolation reveals the velocity in the sheared region having a much lower value

than that of the adjacent wall. This phenomenon has been attributed to slip where



CHAPTER 5. SLIP BEHAVIOR OF XANTHAN GUM SOLUTIONS 74

a large velocity gradient in a thin layer has occurred between the inner rod and
the Xanthan gum solution. The extent of slip can be considered by measuring the
ratio of the extrapolated velocity on the outside of the inner rod to the maximum
velocity obtained by the fluid at the same position. In comparing these ratios
at two different rotation speeds of 0.26 and 0.53 Hz an increase in slip at faster
rotation speeds is suggested (Fig. 5.9 (b)). Direct comparison of the velocities can
be made as the ratios shown are normalised. It must be noted that since velocities
for each pixel are calculated from an average over the corresponding distance,
pixels that may overlap at boundaries such as the inner and outer cylinders are
weighted with more error. Additionally with the inner rod moving perpendicular
to the velocity direction a smearing or blurring of the average velocity may occur
within the nearest pixel(s) to the rod.

In support of the power law model to characterise Xanthan gum in the previous
section, figure 5.10 shows the normalised velocity data fitted with the analytical
expression for a power law fluid in a cylindrical-Couette geometry (refer to Eqn.
(3.70)). The agreement is quite good provided the slip phenomenon is incorpo-
rated. Thus in addition to the analytical velocity expression described in section
3.4.4 is the slip velocity, V;, expressed as a fraction of the maximum velocity. This
parameter can be seen on the inner wall of the outer cylinder where the finite
velocity can be observed. This non-zero magnitude contrasts with a Newtonian
fluid (refer to Eqn. (2.21)).
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1st Real q slice 1st Imaginary g slice

5th Real q slice

Figure 5.6: The phase stripes appearing in the three pair of real and imaginary g-slices
suggest a very different velocity spatial dependence is observed between the inside and
outside of the inner rod. Both the modulus of the first ¢ images and the velocity image
itself show a lack of signal in the image giving a fictitious asymmetry of the rheometer
cell.
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Figure 5.7: The velocities’ linear spatial dependence can be clearly seen at the centre of
the rotating inner rod. An extrapolation of this plane to the equivalent position of the
outside of the inner rod will predict the velocity at this position.
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Figure 5.8: To increase the spatial resolution of the velocity calculation two slice selective
pulses (90° and 180°) are used ensuring ‘foldback’ of the image is avoided.
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Figure 5.9: (a) The velocity distribution of the Xanthan gum in the cylindrical-Couette
rheometer clearly shows the regions within the cell where non-shear (velocity has linear
dependence with position) and shear are occurring. An extrapolation of the linearly
dependent velocity reveals the amount of slippage that is occurring in the shearing area
of the cell. (b) A comparison of the velocity distribution at frequencies of 0.26 and 0.53

Hz suggest an increase of slip at the inner and outer walls of the rheometer.
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Figure 5.10: The power law behavior of Xanthan gum, consistent with other findings
in section 5.2, is observed when the cylindrical-Couette normalised velocity distribution
is fitted with the analytical data for the same geometry. Again a consistent power law

exponent of 0.40 i1s demonstrated.
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5.4 Velocity Measurements in Capillary Flow

5.4.1 Experimental Setup

A capillary rheometer (described in Sec. 3.4.1) was also used to investigate the
slip behavior of the 0.2 % Xanthan gum solution. The capillary experiment had a
special importance since it enabled direct comparison of results to be made with
previous work in which slip was indirectly observed through flow rate and pressure
measurements in the same geometry[23].

Capillary tube inner diameters of 2.6+0.1 and 5.0+0.1 mm were used, the
overall capillary length being 1.0 m. This rheometer was placed in the same 7.05
T vertical magnet as described on page 71 . In contrast to the cylindrical-Couette
rheometer, velocity measurements were collinear with the direction of the main
magnetic field, z. This new direction was achieved by exchanging the assignment
of the gradient coils z and z and by using an identical pulse sequence as in the
cylindrical-Couette experiments (page 73).

In addition to the capillary rheometer described in section 3.4.1 a smaller
diameter reservoir (30 mm OD, 20 mm ID) was also used here to investigate the
effects of the velocity distribution across the tubes under different contraction
ratios % where W is the diameter of the Xanthan reservoir. With the use of both

reservoirs contraction ratios of 15.4, 8 and 4 were available.

5.4.2 Results

Shown in figure 5.11 is a typical set of velocity profile data obtained for flow
rates ranging from 1.10 to 5.60 ml min~! in the 2.6 mm ID capillary tube. This
flow rate range corresponds to an apparent shear rate range of 10.6 to 54.1 s~1.
The largest contraction ratio of 15.4 was used and a resolution of 31 um enabled an
accurate measurement of the velocity across the capillary tube. The position along
the tube at which the velocity is measured is expressed as a ratio of the distance
from the entrance of the tube, L, to the tube diameter, D, ie. %. Although
this ratio is similar to the previous work of Mooney et al[19], it must be strongly
emphasised that in the work presented here the definition of this ratio is not the
same. Mooney et al refer to the total length of the capillary tube, whereas in the
NMR work here reference is made to the distance the velocity profile is measured
from the entrance of the pipe. To avoid confusion an alternative expression of %
is chosen for the different ratio of length of the capillary to the tube diameter. The
data set of figure 5.11 have an % of 216 whereas % is 385.

As Mooney interpreted, a large apparent discontinuity in the velocity is ob-

served at the capillary wall. This discontinuity is evident for all the measured flow
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Figure 5.11: The velocity profiles obtained across the 2.6 mm ID capillary tube reveal a
discontinuity next to the capillary wall. This ‘step’ is observed for all the measured flow

rates to as low as 1.10 ml min~! (}, =10.6 s71).

rates and can be more clearly seen in figure 5.12 where the velocities have been
normalised to the maximum velocity of each profile. A slip velocity of around 0.6
of the maximum velocity and a constant profile shape is obtained for all flow rates.
An analytical expression for the velocity distribution in capillary geometry here
can be derived from the constitutive equation as described with Eqn. (3.66). The
shape of the flow curve is expressed by the value of the power law exponent as seen
in figure 5.13. A value of n=0.4 was obtained after a constant value of 0.6 of the
maximum velocity had been added to the powerlaw data which was renormalised
to incorporate slip. This powerlaw exponent is consistent with both the cone-and-
plate rheometry viscosity measurements (refer to page 69) and cylindrical-Couette
velocity distribution measurements (refer to page 74).

De Vargas et al[23] reported a variation in the slip velocity as a function of
% in which measurements were made using a contraction ratio range of 26 to 80.
The slip velocity variation appeared asymptotic with increasing wall shear stress,
a behavior thought related to where entrance effects become absent and the ve-
locity profile steady. This phenomenon occurs for % > 400. To establish whether
similar end effects were detectable by velocity measurements along the 2.6 mm
capillary tube (ie. by varying %), velocity profiles were obtained at a fixed flow
rate over a range of L values. Figure 5.14 shows such profiles for a single flow
rate of around 5.0 ml min~! (=~ 50 s~!) and a contraction ratio of % = 15.4.

Even with a large change with % of 79 to 214, no appreciable difference in the
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Figure 5.12: The normalised velocity distribution across the capillary reveals a consistent
magnitude of slip of around 0.6 of the maximum velocity is obtained as well as consistent
shaped profile.

normalised velocity distribution is apparent. A similar behavior is observed for
each individual % for varying flow rate. There exists an apparent contradiction
with de Vargas et al work. It must be emphasised a direct comparison can only be
made if different length tubes are attached when measuring the velocity profile.
In the work presented here we vary % whereas de Vargas et al vary 715 A similar
comparison of normalised velocities for different flow rates and varying % for a
5.0 mm ID capillary tube also revealed no significant change. However inspection
of the magnitude of slip for these flow profiles compared to the 2.6 mm ID capil-
lary tube did show subtle differences. Figure 5.15 shows a smaller fractional slip
velocity of 0.5 is found for a smaller reservoir contraction of 8 (ie. %: ). As
the velocity profiles are independent of %, it is not important where along the
2.6 and 5.0 mm pipes the normalised velocity comparisons are made. However to
complicate matters less, similar % ratios have been compared.

With change to a smaller diameter reservoir, which could now fit inside the
gradient coils, a velocity profile could be obtained closer to the entrance of the
tube. Thus a closer inspection could be made of entrance effects, if any. With the
new reservoir, an % ratio as small as 16 was now possible. The dimensions of the
reservoir (30 mm OD, 20 mm ID) also gave a smaller contraction ratio of % = 4.
As in the case when % = 15.4 and % = 8, varying both the flow rate and —le
again showed no change in the normalised velocities. In contrast a comparison of
flow profiles obtained with the new and previous % ratios again gave significant

differences. These differences were apparent in the amount of slip and in the shape
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Figure 5.13: The power law behavior of Xanthan gum, consistent with other findings in
section 5.2 and 5.3, is observed when the capillary normalised velocity distribution is fitted
with the analytical data, which includes slip. Again a consistent power law exponent of
0.40 is obtained.

of the flow profile. As seen in figure 5.15 a lower slip velocity of around 0.3 of the
maximum velocity was observed for the smallest contraction. A direct comparison
of the shape of the velocity profile obtained for the smallest % cannot be made in
figure 5.15 as the diameters of the different pipes used, have not been normalised.
This problem was overcome by fitting the velocity profile with a generated power
law velocity profile. A lower power law exponent of 0.25 (Fig. 5.16) was obtained.
The difference in this profile shape has been attributed to the late attainment of
the data. Eight weeks elapsed between the collection of the previous data and the
data collected for % =4.

To increase the flow rate a Gilson peristaltic pump was used to pump the pre-
viously gravitated Xanthan solution. As figure 5.17 shows the use of this pumping
system abolished the slip. A possible cause for the slip absence may be due to the
mastication action of the pumps feeder head or the shearing caused by the pipe
at larger flow rates.

0.2 % (w/v) solutions of the ‘Kelsan’ and ‘Aldrich’ produced Xanthan were
also prepared and pumped through the same capillaries as the Unam gum exper-
iments. Under the same conditions no slip was found at any flow rate, % and %

combination (refer to Fig. 5.18).
The principal findings of rheometric capillary experiments, based on the Mooney
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Figure 5.14: A comparison of the normalised velocity profiles obtained at different po-
sitions along the pipe, for the same flow rate, do not reveal any appreciable difference.

This similarity is true for both magnitude of slippage and overall profile shape.

analysis, are shown in figure 5.19 where the slip velocity is plotted as a function of
wall stress. Estimated slip data obtained from the imaging experiments have been
added by Rod Lambert®. The wall stress was determined by assuming a power
law constitutive relation, using the results of viscometry and flow profile fitting,

and assuming the wall stress was the same as when the fluid was not slipping.

$Massey University, Palmerston North, New Zealand.
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Figure 5.15: In comparing the normalised velocities of different % contraction ratios a
difference in the magnitude of the slippage is found. Comparison of the profile’s shape
cannot be made in this plot as the diameters of the profiles have not been normalised.
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Figure 5.16: A lower powerlaw number of 0.25 and a smaller degree of slip is found for

the flow profile with the lowest contraction ratio of % =4.
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Figure 5.17: To achieve higher shear rates the Unam solutions were pumped using a

peristaltic pump. In doing so the slip behavior was abolished.
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Figure 5.18: Both of the lower molecular weight fraction Xanthan polymer solutions did

not exhibit slip when pump through the same pipe conditions.
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Figure 5.19: A summary of both the rheometric and imaging capillary experiments

suggest the slip velocity is not dependent only on the wall stress.
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5.4.3 Discussion

In summary, the data presented here show substantial slip for dilute Unam Xan-
than solutions. Comparison with previous studies by de Vargas et al show a sharp
contrast as no flow development along any of the capillary tubes for any flow rate
was found. This lack of change is consistent even when the position of the velocity
profile is selected at a distance from the entrance as low as % = 16. Clearly the
major influence, according to figures 5.15 and 5.16, to the velocity profile is the
contraction ratio to the entrance to the capillary. For contraction ratios of 4, 8
and 16, the fractional slip velocities are approximately 0.3, 0.45 and 0.6 respec-
tively. It appears that as the contraction ratio of the reservoir increases, more
slip is evident. Another equivalent explanation for this observation could be that
as the pipe diameter increases, as is the case when changing from %\Uz 15.4 to
% = 8, the stress experienced at the tube wall is smaller. This trend in capillary
diameter cannot be observed with the lowest contraction ratio but the lower slip
velocity could be attributed to the different Xanthan solution used. This is in line
with the Mooney assumption that the slip velocity depends only on the wall stress
and thus could be seen as justification of the Mooney assumption. In support of
this interpretation, figure 5.19 shows an agreement of the slip velocities obtained
for % = 15.4(1), % = 8 and the capillary rheometer data. The NMR data was
collected on the same day using the same solution but two different capillaries.
In contrast data is in disagreement using the same tube but different reservoirs
(% = 8, % = 4). According to Mooney one would expect similar wall stresses for
the different reservoir contractions and thus comparable slip velocities. It is noted
that one solution was used to obtain the larger contraction data and another two
solutions, prepared weeks apart, were used for the smaller contractions. In addi-
tion, another data set collected at the largest reservoir contraction (% = 15.4(2))
does not agree with any previous data. Thus in terms of the Mooney theory the
interpretation of our results remains unclear.

The accuracy of the determination of the slip velocity must be highlighted.
As other authors have suggested, the thickness of the depletion layer is on the
order of 300 nm([31]. Some doubt as to the magnitude of the slip velocity arises
since the imaging resolution used in this work was 30 um. Thus the pixel of the
velocity profile closest to the edge of the wall is determined by the signal obtained
from the depletion layer, bulk fluid and the lack of signal from the glass capillary.
The data processing technique chooses the highest velocity signal within the pixel.
Thus if any bulk fluid signal is present within the pixel, a higher slip velocity will
be obtained. Noise from signal-free regions will also add further complication to

the velocity profile. Whether these anomalies are the cause for the varying slip



CHAPTER 5. SLIP BEHAVIOR OF XANTHAN GUM SOLUTIONS 88

velocities found in figure 5.19 is doubtful. Such errors would manifest themselves
as random occurences and not systematic.

GPC data suggest that the slip phenomena may depend upon the majority of
the polymer being at a high molecular mass since peristaltic pumping of the solu-
tions resulted in slip being abolished. This high mass dependence is supported by
Aldrich and Kelsan Xanthan, which did not exhibit slip, having a larger percent-
age of their mass in the low molecular mass regime. The Xanthan polymers which
did not exhibit slip had a slightly lower power law index of 0.36 but revealed
a markedly different dynamic response when compared to the Unam polymer.
Both the storage and loss modulus was half of the slipping Xanthan. The phase
difference is the same for all Xanthan polymers at around 20°.

Another possible explanation in determining slip, associated with molecular
properties, could be flow-induced molecular alignment. This process could be
caused by extensional flow and elastic effects at the entrance contraction. As the
extensional strain rates are larger in the center of the pipe, one would expect a
high degree of molecular order in the bulk of the fluid. Whereas closer to the tube
walls a more random molecular orientation might be expected. As a consequence
the shear viscosity might be comparatively low near the wall surface leading to a
high shear rate-slip regime.

To investigate whether molecular orientation effects are dominant in our mea-
surements, it is helpful to calculate the magnitude of the Péclet number, ér.. €
is the local extensional strain rate and 7, is molecular rotational correlation time
for a Xanthan rigid rod. Where extensional strain rates exceed the time for the
rod to re-orientate itself, ie. ér, > 1, molecular alignment might be expected to
occur. Estimates of ¢ for the largest contraction ratio and larger flow rates are of
the order of 10 s~!. The molecular rotational correlation time can be estimated
with the knowledge of the translational diffusion coefficient, D;, for a known rod
length, L, at infinite dilution[38]. This result leads to:

L2
18D,

~
r —

(5.1)

The length and diffusion coefficient of the Xanthan solution used here can be
calculated by the data of Coviello et al[94]. 3x10® da Xanthan in water gives
a correlation time of around 0.1 s. Thus the Péclet number would appear to
approach, if not exceed, unity for the flow rates where slip is observed. Further,
we note as € increases, a process which occurs as the contraction ratio is increased,
the degree of slip increases. Furthermore, as previous data suggest slip is sensitive
to molecular size, a fact not surprising given that 7, ~ %[38].

It must be emphasised the above molecular alignment postulate is highly spec-
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ulative. The exact nature of slip is very dependent on the nature of sample prepa-
ration, even when the sample has been obtained from the same batch. Further
experiments were tried investigating the contraction ratio hypothesis by construct-
ing a 1.0 mm capillary insert. Not only did the arrangement give a larger con-
traction ratio but larger % ratios were also possible. However, the next solution
of Xanthan did not slip and had dynamic rheometric properties similar to that of
the Xanthan destroyed by peristaltic pumping.

Although the relationship of slip velocity and wall stress is similar (Fig. 5.19)
for the two capillary techniques, a substantial variability in the imaging data is
unrelated to contraction ratio. Although these differences cannot be explained
satisfactorily, possible causes such as sample preparation, temperature, rheometer
calibration and imaging calibration are mentioned. Care was taken to standardise
the samples between the collaborative groups, nonetheless it is possible that the
preparations were sufficiently different to not warrant a comparison. Estimates of
the wall stress for the imaging experiments were calculated using earlier rheometric
data and not the data included in figure 5.19. Previous data supports the inclusion
of Xanthan as being described as a power law fluid, however it may be possible
the absolute viscosity values used were not those of the solutions in figure 5.19.
Although the experiments were completed at different temperatures; 25°C for
the Mexican group and 22°C for the New Zealand group, there is evidence that
temperature effects, if any, are small[95].

The appearance of slip in the cylindrical-Couette images is of some concern for
the viscometric data. Cohen and Metzner[96] suggest that slip in dilute solutions
is a product of an inhomogeneous stress field. In the usual Couette rheometric
devices the sample gap is small, resulting in a small stress gradient. However this
is not the case with the Couette imaging rheometer we have designed, perhaps a
reason why slip is so apparent in this system.

It has been suggested by Walters[97] that inconsistent results are obtained for
a capillary geometry if the contraction ratio is less than 18. In contrast consistent

repeatable measurements have been found below this value.

5.5 Conclusions

Dilute solutions of Xanthan gum can exhibit slip which appears to be molecular
weight dependent. The fractional slip velocity appears dependent upon the con-
traction ratio at the capillary entrance and is independent of % values in excess
of 16. The magnitude of the capillary slip velocities are in line with the measure-

ments inferred from a Mooney analysis of capillary rheometric data. Slip was also
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observed in a cylindrical-Couette cell. We suggest a possible mechanism for slip
may be the effect of molecular alignment caused by the extensional strain at the
entrance to the capillary, but note sample preparation and other effects can also

play an important role.



Chapter 6

The Spurt Effect of Wormlike
Micelles

As mentioned in chapter 2, with both polymer melts and semi-dilute solutions,
an explanation of spurt has been advanced by McLeish and Ball[29] based on the
Doi-Edwards[38] model. In their picture the Rouse time, 7g, and tube disengage-
ment time, 74, provide two inflexions in the shear stress versus shear rate curve.
Thus after a critical shear stress, o., the shear rate will be multi-valued. Both of
the characteristic times g and 74 are strongly dependent on molecular mass (M3
and M? respectively). Any polydispersity will smooth out the constitutive rela-
tion, masking the underlying double valued-ness. This reason may be why such
observations have been somewhat elusive with high molecular weight polymers.
‘Wormlike micelles’ provide an alternative candidate for investigation into
spurt phenomena. The micelles are known to exhibit strong non-linear behav-
ior (refer to Sec. 2.4.4) but with a narrow distribution of relaxation times. The
narrowness of this distribution suggests that the spurt effect might be more easily
observed in these systems than in high molecular weight polymers where polydis-

persity is unavoidable.

6.1 Cetyl Pyridinium Chloride/Sodium Salicylate Mi-

celle

6.1.1 Structure

The structure of both components contained in the Cetyl Pyridinium Chloride
(CPyCl)-Sodium Salicylate (NaSal) wormlike micelle are shown in figure 6.1. The
solutions used comprise 60 mM /100 mM concentrations respectively in pure water.

The CPyCl molecules are amphiphilic, having both hydrophilic and hydrophobic

91
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character. This property causes the molecules to aggregate in micelle structure
when in an aqueous solvent. The effect of the NaSal ion is to subtly modify the
surface energy so as to favor aggregation in the form of long, random-coil wormlike
assemblies. At the concentrations used in this work, these assemblies are entangled
in the same manner as covalently bonded random-coil macromolecules above the
entangled concentration, c*. There is, however, one major difference. The worm-
like surfactant assembly is a ‘living’ polymer and is subject to rapid breakage and
reformation. This property has the effect of internally averaging chain length poly-
dispersity, thus leading to a mono-exponential stress relaxation behavior charac-
terised by the geometric mean, (Tde)% where 74 is the breakage/reformation time.

Above 19 °C the solution is transparent and homogeneous. Below this temper-

+

=]

Cetyl Pyridinium Chloride

(o]
|

O=—C OH
+

Na

Sodium Salicilate

Figure 6.1: The wormlike micelle used in this work is comprised of two surfactants,
namely Cetyl Pyridinium Chloride and Sodium Salicylate. The hydrophobic and hy-
drophilic ends of the molecule arrange themselves to form complex polymer-like aggre-

gates.

ature it is a ‘milky’ white and inhomogeneous. This change has been associated
with an apparent phase change for which light is strongly scattered in the lower

temperature phase.

6.1.2 Rheology
6.1.2.1 Strain-Controlled Experiments

An investigation of the rheological behavior of the CPyCl/NaSal micelle was car-
ried out at Cambridge University! by Dr Bas Smeulders using a 25.0 mm OD
Rheometrics RDSII cone-and-plate strain-controlled rheometer. All experiments

were performed at 25.0 °C, above the micelle’s phase change temperature.

"Department of Chemical Engineering, University of Cambridge, England.
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Figure 6.2: The linear-strain behavior of the wormlike surfactant revealed a 30% strain

could be achieved before entering a regime of non-linearity.

To investigate the extent of the linear strain region of the micelle, dynamic
strain sweep experiments were conducted at a fixed frequency of 1.0 rad s~!.
From figure 6.2 it can be seen that up to strain amplitudes of 30 %, the fluid has
a linear behavior.

A frequency sweep experiment (Fig. 6.3) was also carried out at 20 % strain
amplitude. The fluid shows typical Maxwell fluid behavior with dominant vis-
cous behavior at low frequencies and G’ having a constant value after the G'-G”
crossover frequency of 0.1 Hz. The frequency sweep data was fitted with a gen-
eralised Maxwell model (Eqns. (2.12) & (2.13)). Optimal fitting was achieved
with six G relaxation times. The linear viscoelastic behavior is dominated by a
relaxation time of 2 s. No other times above this relaxation time were found but
a series of important times were found between 1-10 ms. An effect of the second
group of relaxation times can also be seen in the frequency sweep data where an
up turn of G” can be seen (Fig. 6.3).

The non-linear behavior was investigated by stress relaxation experiments for
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Figure 6.3: A typical Maxwell type fluid shows the characteristic ‘flattening’ of G’ at
high shear rates with dominant viscous behavior at the low strain rate spectrum.

strains ranging between 20 and 500 %. This data can be seen in figure 6.4 where
at strains of 20 %, a linear response of the relaxation modulus is observed. An
increase in strain shifts G(t) progressively downwards. Below 0.5 s, G(t) does
not maintain the shape of the curve fully, so separability of strain with time is
not entirely obeyed. The plot of Ln[G(t)] versus strain, at t=2.0 s, has a slope
of k=0.33£0.01. The straight line nature of this plot shows that & is not strain
dependent, as required by the Wagner model.

Steady shear experiments (Fig. 6.5) reveal a near-Newtonian behavior at shear
rates below 0.1 s~1. The material is in fact characterised by a power law exponent
of around 0.85 but this region will be referred to as the near-Newtonian region.
Above a critical shear rate the shear stress became roughly independent of shear
rate. This behavior is very reproducible but investigation at shear rates above
50 s~! proved difficult as the sample was expelled from the rheometer. Using
the Maxwell-Wagner constitutive equation (Eqn. (2.17)) the Newtonian behavior

observed at low shear rates agrees well with the limiting case of £ = 0. With a
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Figure 6.4: Care must be taken while measuring damping coefficients to avoid regions

where the strain is time dependent. To ensure this criterion was met, measurements were

taken at t=2.0 s.

Wagner damping coefficient of ¥ = 0.32 the calculation predicts a maximum shear
stress but only agrees with the experiment quantitatively. An unstable flow would

result at the corresponding shear rate with a resulting discontinuity as seen in Fig,.

6.5.
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Figure 6.5: At a critical shear rate the shear stress of the material seems independent

of shear rate. Before this regime a short ‘shear thinning’ period is observed characterised

by the non-linear nature of the flow curve.
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6.1.2.2 Stress-Controlled Experiments

As in the previous section, stress experiments were also carried out at Cambridge
University with a Rheometrics DSR. stress-controlled rheometer. Shown in figure
6.6 is the comparison of the stress and strain constant shear experiments. At low
shear rates the agreement is good with the stress-controlled experiments showing
a slightly larger stress value at high shear rates. Again at low shear stresses a
Newtonian region is seen with a zero-shear viscosity of 70+£5 Pa s. A short shear
thinning region is also established before a critical shear stress (2611 Pa) is reached
after which there is a multi-valued shear rate. The lower shear rate is on the order
of 1 s71(0.840.2s71) and the higher 50 s~! (404£20 s~!). The reproducibility of
the fast increasing shear rates after 26 Pa is consistently between 1 and 10 s~!.
Further increase in the shear stress produces an increase in the shear rate. Finally
there is a small decrease around 80 s~!. However there is some doubt with this
last region as the sample was expelled at the corresponding shear rate.

The disagreement between strain and stress experiments at larger shear stresses
demonstrates the instability in the flow after exceeding the critical shear stress
of 26 Pa. This instability was even more evident when the same experiment was
carried out at 20 °C as shown in figure 6.7. The strain-controlled experiment shows
a pronounced maximum whereas the stress-controlled experiment only shows a fast
increase in shear rate. Shown also is the Maxwell-Wagner constitutive relationship
with £ = 0.32.
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Figure 6.6: The compliance between the stress (dots) and strain-controlled (line) data is
good at low strain rates. The intrinsic instability of the flow is evident with the disagree-

ment of the data at higher shear rates.
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Figure 6.7: Instability in the flow behavior is even more pronounced when stress-
controlled (dots) and strain-controlled (line) experiments are compared at 20 °C. Again
agreement of the two data sets is good at low shear rates.
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6.2 Determination of Flow Curve Using MRI

The relationship between shear stress, o, and shear rate, ¥, can be expressed as

some function of shear rate as follows:

o = fl4] (6.1)

Hence we may write the shear rate as some inverse function of shear stress (Eqn.

(6.2)). For a capillary of length, {, and pressure difference, AP, between its ends,

the shear stress has a linear relationship with tube radius, r, namely o = A—;;l.

¥ = f7[o] (6.2)
= % = f1 [A;;’"] (6.3)

The linear dependence of shear stress on radius for capillary flow is of particular

importance as it enables the flow curve across the tube to be calculated from the

velocity profile across the tube. If &.5" is measured in the experiment then the

flow curve will be absolute in both ¢ and 4. If the pressure gradient is unknown
then o will be arbitrarily scaled.
The velocity profile can also be obtained (refer to Callaghan et al[98]) from

equation (6.3) by integrating it with respect to r as seen in equation (6.4).

o(r) = [%;]—] {/:_fﬂ [ Holdo - /O%T f'l[cr]dc} (6.4)

Thus by calculating the area under the scaled flow curve, the velocity profile can
be calculated. Equation (6.4) implies knowledge of the constitutive relationship

of o with 4 will lead to the calculated velocity profile.

6.3 Velocity Measurements

6.3.1 Setup
6o

A sample of wormlike surfactant was prepared by mixing T80 mM Cetyl Pyri-
dinium Chloride (CPyCl) and 60 mM Sodium Salicylate (NaSal) with distilled
water. The mixture was allowed to stand for a few days to enable the air bubbles
to escape.

All NMR work reported here was conducted at 25 °C, well above the CPyCl/NaSal
micelle phase transition temperature of 19 °C.

The solution was passed through a 5.0 mm ID capillary tube attached to a 40.0
mm ID reservoir. Further detail of this capillary system can be found in section

3.4.1. The solutions were contained in a closed loop system and driven by a Gilson
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Minipuls 3 peristaltic pump. This type of pump was used as it enabled sufficiently
large flow rates. The eight rollers in the pump’s drive head kept flow pulsation
to a minimum. An air gap of approximately 2.0 cm at the top of the reservoir
dampened whatever small pulsation might have remained. Because of the nature
of the peristaltic roller action, the fluid was not swept at a constant volume rate
but allowed a certain amount of ‘slippage’ and backflow. Instead the flow rate was
controlled by the amount of pressure which the pump could obtain in the reservoir
head. Thus the experiment was stress-controlled not strain-controlled.

To minimise end effects in the capillary, velocity measurements were obtained
between 0.5 and 0.6 m from the entrance of the 5.0 mm ID tube. Volume flow
rates were determined from a knowledge of the cross-sectional area of the tube
and the velocity profile obtained by NMR.

The full details of the method in which the velocity profile was obtained can
be found in section 3.2.3.1. The g-gradient was stepped and 8 qg-slices used to
obtain the phase evolution of the spins. In the work reported here the q gradient
had a duration around 1 ms and magnitude approximately 0.5 T m~!. These
gradient values were changed frequently throughout the experiment to optimise
the sensitivity to velocity and diffusion. A field of view of 6.0 mm ensured the
complete cross section of the capillary tube was imaged.

It should be noted that the NMR signal is obtained from the protons in the
water solvent. Because these protons have a long spin-lattice relaxation time,
sufficient spin recovery time had to be allowed. Even with a long repetition time,
signal-loss is unavoidable. To enhance the signal-to-noise ratio of the images we
employed azimuthal averaging of the pixels. This required careful alignment of the
edges of the tube within the image so pixel smearing was avoided. This process
was achieved by the computer software Image Show (refer to section 3.3.1).

To ensure our confidence in the accuracy of the velocity measurements a Phar-
macta 500 twin syringe pump was also used. The flow rate of this system was not
as large as with the peristaltic pump but, because of the syringe action, accurate
low flow rates were possible. Thus comparison of the calculated flow rates from
NMR measurements with a flow rate set by the syringe pump can be achieved.
Also the accuracy and effect of pulsation of the peristaltic pump can be tested by

comparing set flow rates, with NMR measurements, from both systems.

6.3.2 Results

A set of six diametral velocity profiles, v(r), are shown in figure 6.8. The flow
rates, achieved by both the Pharmacia and Gilson pumps, range from a minimum

of 0.22 ml min~! to a maximum of 2.10 ml min~!. At the lowest flow rate the
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velocity profile is parabolic, a characteristic of Poiseuille tube flow for a Newtonian
fluid. At a flow rate of around 0.4 ml min~! a deviation of the velocity’s parabolic
shape next to the tube walls is seen resulting in an enhanced wall shear rate. For
example, at a flow rate of 0.45 ml min~! a shear rate of around 0.7 s~! is found.
This behavior is consistent with the formation of a weak ‘shear band’ as the effect

is confined to a well defined band of radius within the tube.

Velocity (mms™)

Radial Displacement (mm)

Figure 6.8: Seven flow rates: 0.22,0.30, 0.38, 0.99, 1.2, 1.5, 2.1 ml min~! were measured
across the 5.0 mm ID capillary tube. For low flow rates, a near-Newtonian behavior is
noticed in which a Poiseuille velocity distribution spans the capillary tube. At a critical
flow rate regime the flow profile reveals a characteristic discontinuity where an enhanced

shear rate is observed close to the capillary wall, a phenomenon termed ‘the spurt effect’.

To investigate closely the transition from the Newtonian flow to ‘spurt’ flow,
figure 6.9 contains a set of four normalised velocities. The azimuthal averaging
technique mentioned before has been employed with these velocities. Also in-
cluded in the plot is a Poiseuille velocity profile. The agreement of the calculated
Newtonian profile with the low ) data is good. A maximum local shear rate of
approximately 0.2 s™!, next to the tube walls, is found at these low flow rates. As
the flow rate is increased a delicate transition is apparent in the velocity profile.
The change suddenly occurs between 0.36 and 0.40 ml min~! and unstable flow is
seen at an intermediate value where again a Newtonian profile best describes the
distribution. This unstable flow is better demonstrated when the q data for this
flow rate is studied, revealing a displacement spectrum whose shape is not well
defined. For flow rates above 0.40 ml min~! a large velocity gradient is evident

next to the tube wall. This large shear rate spans only one pixel width and is not
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Figure 6.9: A closer investigation of the flow profiles close to the critical spurt flow rate
displays changes when the velocity gradient approaches 0.2 s~!. The selected flow profiles
are Q=0.22 (open circles), 0.38 (open squares), 0.99 (solid circles) and 2.1 ml min~! (solid

squares).

distinguishable from the similar characteristic flow profile found in studying slip
phenomena. A shear rate of 10 s~! is found in this second flow transition and has
been attributed to the discontinuity in the shear stress vs. shear rate curve.

As a further investigation into the spurt effect a glass cylindrical Couette
cell was also used with the 100mM/60mM CPyCl/NaSal. A detailed description
of this rheometer is given in section 3.4.2. A 2.0 mm gap between a 9.0 mm
OD outer fixed tube and a 5.0 mm OD inner rotating rod was available for the
sample shearing. Sample placed inside the rotating rod was not to be sheared
but experience a rigid body rotation. The velocities were determined by the same
q-slice-FFT method described earlier, with the addition of a second slice selective
pulse to avoid ‘fold back’ when increasing the resolution. The details of this
method are further described on page 73. To ascertain the precise velocity of the
inner cylinder surface, an extrapolation was made from the region of rigid body
rotation to the sheared region. This process is shown in figure 6.10 where a high
shear region in the vicinity of 20 s=! can be seen 0.15 mm from the inner rod. The
other velocities beyond the boundary layer and out towards the stationary wall,

all falling below 1 s~1.
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Figure 6.10: As with capillary flow studies, a high shear band is also found close to the
inner rotating rod of the cylindrical Couette cell. An extrapolation from the non-sheared
region, inside the inner cylinder, to the sheared region suggests the material next to the

rotating surface has a common velocity with that surface.
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6.3.3 Discussion

Our rheological measurements agree well with the calculations of Spenley et al[99]
who suggest the critical shear stress, o., is equal to 0.67 of the storage modulus
plateau G’(c0). The value found for this asymptote is 37+1 Pa, implying o, ~
25+1 Pa. This value agrees very well with our observed value of 26+1 Pa. In
addition the predicted shear rate for which the constant shear stress is detected is
2.6/ A s, where Aps is the Maxwell time associated with chain breakage introduced
in Sec. 2.1.1.1. If this constant is characterised by the most dominant relaxation
time of 2 s, a corresponding shear rate of 1.3 s~! is expected. This predicted
strain rate agrees closely with that obtained from figure 6.6 and is the same order
of magnitude as that found with MRI measurements (Fig. 6.8), which imply a

1. Thus the Maxwell model and Wagner-

critical shear rate of approximately 1 s~
type damping function also predicts unstable type flow is observed around 1 s™1.

The agreement between stress-controlled and strain-controlled experiments can
be seen at low shear rates, with differences evolving after 0.2 s~! where non-
Newtonian type flow is evident. Both classes of experiments show the spurt region
occurring at shear rates larger than 1 s~ which can be clearly observed with NMR
imaging measurements.

Shown earlier in figure 6.9 is a set of four diametral velocity profiles with Q
= 0.22, 0.38, 0.99 and 2.1 ml min~!. The corresponding local shear rate has also
been calculated by a five point velocity gradient fit algorithm and summarised in
figure 6.11. Newtonian behavior is observed for these plots as a linear dependence
over the capillary radius. As expected all flow rates exhibit a linear dependence
below ¥ = 0.2 s~!. For the lowest flow rate this dependence is observed all the way
across the capillary tube. At Q = 0.38 ml min~!, the local shear rate exceeds 0.2

s~! and discloses a strong non-linear dependence while approaching the critical

spurt strain rate of 0.8 s™1.

This shear rate reliance is clearly evident with the
corresponding velocity profile showing the development of a Newtonian to non-
Newtonian distribution. The absence of wall slip in this profile is due to ¥ < 0.8
s 1. For flow rates of 0.99 and 2.1 ml min~!, the shear rate does exceed 0.8 s~1

1 is found.

close to the walls and slip is visible for which a strain rate of 10 s~
This high @ data also reveals a transitional range between 0.2 and 0.8 s~! where
a regime between Newtonian and slip behavior exists.

To illustrate the good agreement of flow curves obtained from rheology and
MRI measurements, we superimpose in figure 6.12 the directly measured o versus
4 curve and that obtained indirectly from the MRI data. Apart from ()=0.38 ml
min~! the data agrees very well. This disagreement has been attributed to unsta-

ble flow conditions associated with the spurt effect. An apparent pressure variation
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Figure 6.11: The calculated local shear rate across the capillary tube again quantitatively
demonstrates the development of the flow profile as the flow rate is increased. The lowest
flow reveals a strain rate lower than 0.2 s~! as expected to have Newtonian behavior. The
following higher @’s exhibit shear rates both above and below 0.8 s=!, the former leading
to spurt type flow. The order of the profiles from lowest to highest flow is 0.22 (open
circles), 0.38 (open squares), 0.99 (solid circles) and 2.1 (solid squares) ml min~!. The

solid lines are interpolating fits for each successive flow rate.

at a specific radius has occurred and could be invoked by pressure fluctuations as-
sociated with an instability caused by differences between stress-controlled and
strain-controlled conditions. Such a system exists with the peristaltic pump used
here as the exact category of flow is unknown.

The velocity data, calculated from equation (6.4) and incorporating the flow
curve of figure 6.12, show good agreement with the velocity profile measured by
NMR (Fig. 6.13). Because the flow rates correspond to experimental and the-
oretical flow rates we choose to express the velocities normalised to enhance the
comparison. All except @=0.38 ml min~! show quite good agreement.

It is clear that the narrow shear bands measured by NMR velocity imaging
are consistent with rheological measurements. It is also evident that the spurt
effect studied here is very different from conventional slip described in the previous
chapter. For example, spurt requires a characteristic critical stress behavior, while
the high shear rate exists over a finite region. A demonstration of the narrowness

of the band can be seen in figure 6.9 where a one pixel spread of the shear band,
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Figure 6.12: The agreement with measured rheological flow curves (Fig. 6.5, solid line)
and flow curves calculated by velocity measurements are good. The stress data has been
scaled arbitrarily, so as to make a realistic comparison. Q=0.22 (open circles), 0.38 (open

squares), 0.99 (solid circles) and 2.1 (solid squares) ml min~?.

or roughly 2 % of the tube radius, can be seen. A similar percentage width is
observed with the cylindrical-Couette measurements. These latter measurements
clearly show that the behavior is very different from slip, as the material next to

the inner rotating rod is moving with the same speed as the rod itself.
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Figure 6.13: The fitted velocity profiles were calculated from Eqn. (6.4) using figures
6.2 through 6.6. The agreement is quite good remembering the flow profile obtained for
0.38 ml min~! is measured around the unstable transition shear rate of 0.8 s™'. Again
the order of the three flow rates, from lowest to highest flow rate is (a) 0.22, (b) 0.38, and

(c) 2.1 ml min—L.
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6.4 Conclusions

We have demonstrated the spurt effect for wormlike micelles using NMR imaging
methods. To date this type of investigation is the first of its kind. A clear link has
been suggested between conventional rheology methods and new methodologies
based on velocity profiling. This type of association has been supported in two
ways. Firstly, the agreement of the scaled stress vs. strain rate data, calculated
from velocity profiles, and rheometry data. Secondly, the quantitative agreement
of the velocity profile data calculated from previous rheometry measurements. The
collection of absolute stress vs. strain data would be ideal but as yet has eluded
our investigation here because of the difficulty in obtaining pressure data while
measuring the velocity profiles.

The small anomalies presented in this work, for example the comparison of the
calculated and measured velocity profiles, could be explained by the experiment
possibly being both stress and strain controlled. This effect is thought to arise
from the unique pumping action of the roller head.

Finally we have shown here that a comparison of results obtained from Cou-
ette and pipe geometries can be very helpful. In particular, the Couette data here
demonstrates clearly the difference between apparent wall slip and shear band-
ing in the bulk of the fluid. For the wormlike surfactant system it is the latter
phenomenon which is observed. This is in sharp contrast to the Xanthan gum

solutions where the Couette experiment clearly indicated apparent slip.



Chapter 7

Mobility of Polyolefins

The larger fraction of polyolefins (Cip to Cy3) produced by Shell, known as
Carishop' polymers, represent a new and exciting area of polymer engineering,
posing typical problems of linearity, dispersity and stereospecificity. Factors im-
portant in their design include length, dispersity and stereospecificity. The side
chain branches in these polymers result in desirable physical properties, in par-
ticular viscosity and melting point characteristics. Their viscous properties are
however not well understood in terms of macromolecular structure and more in-
formation is needed at a molecular level, for which NMR offers a possible key.
More specifically a variable temperature rheometric cell has been designed with
both cylindrical Couette and cone-and-plate capabilities for operation in a 200
MHz magnet. T2 and T2* relaxation times offer information concerning mobility
of Carishop samples in order to explain various scaling laws of viscosity under
shear. A power law fit is used to describe this scaling and experimental compar-

isons are made with previous studies at K.S.L.A.2

7.1 Polymerisation of Carishop Polymers

The polymerisation of polypropylene is well understood in both stereochemistry
and physical properties. A Ziegler-Natta catalyst system consisting of di-ethyl
aluminum chloride (DEAC) , tri-ethyl aluminum (TEA) as a co-catalyst and para-
ethoxy ethyl benzoate (PEEB) as a soluble control agent are used. The differing
molecular weights are controlled by TEA concentrations although similar disper-
sities are achieved with this method.

A similar approach has been taken with the production of Carishop polymers.

! Carishop = Cari( Shell)(Higher)(Olefin)(Production).
?K.S.L.A. = Koninklijke Shell Laboratorium Amsterdam.

110
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The insertion polymerisation utilising a reactive transition metal M and growing
chain P of these higher monomers produces side branches whose length is equal
to the monomer length minus two. Two typical reactions are shown in Fig. 7.1

for Cio olefins, known as primary insertion and secondary insertion. The tac-

__» M-CH,CH{(CH,), CH }-P
M-P + C10H20 Primary Insertion

M-CH{CH (CH,).]CH, -P

Secondary Insertion

Figure 7.1: Primary and secondary insertion reaction for C;g Carishop polymer can lead

to isotactic and syndiotactic polymer formation respectively.

ticity or stereochemistry of the backbone of these polymers can be characterised
into three main types: isotactic, syndiotactic and atactic. The steric control of
tacticity (isotactic or syndiotactic) is controlled partially by the chirality of the
transition metal complex and partly by the approach of the monomer (primary or
secondary). The four-membered ring complex active site shown in Fig. 7.2, along
with the (non)hindrance observed from the substituents of the metal give rise to
isotactic and syndiotactic formations respectively. The secondary reaction shown
in Fig. 7.1 favors a trans (syndiotactic) formation as the opposing methyl, or R
for Carishop, group on the existing chain forces the incoming R group below the
plane. In contrast if the substituents of the transition metal were altered to pro-
duce a larger ‘bulk’ below the plane than above, the incoming R group would then
be forced above the plane in a cis formation (isotactic). The physical properties
of polyolefins change dramatically with varying degrees of tacticity and the length
of side branches. For example, crystalline properties are favored by an isotactic
formation and shorter side branch length. The viscosity of polyolefins is another
physical property related to tacticity and is equally dependent on branching. The
reason for viscosity scaling with tacticity and degree of branching is still not clearly

understood.
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Figure 7.2: Secondary Insertion, four membered ring complex reaction for polymerisation

of polyolefins produces a, (a) trans (syndiotactic), (b) cis formation, as methyl groups align

to occupy maximum inhibited space.
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7.2 Setup

7.2.1 Previous Results
7.2.1.1 Polyolefin Characterisation

Laboratory mini-extruder reactions of Cy, olefins were previously completed at
KSLA department (PRP/431) to give a variety of Carishop polymers with molec-
ular weights ranging from 390 000 to 545 000 da. This was measured by conven-
tional gel permeatation chromatography (GPC) in a cyclohexane solvent. Branched
polymers which have the same molecular weight as a linear polymer will be of a
smaller dimension, thus will pass through a GPC column slower than a linear poly-
mer. This results in an apparent molecular weight lower than its true weight. As
poly-isoprene was used as a reference standard the polyolefins’ molecular weights
shown in Tab. 7.1 are strictly apparent values due to their high branching con-
tent. Dynamic light scattering in conjunction with GPC provides a method of
determining absolute molecular weights as well as normal dispersity information
obtained from GPC alone. Poly-isoprene is also used in this method as a cali-
bration standard. The GPC-light scattering molecular weights shown in table 7.1
show a large discrepancy with molecular weights obtained from GPC alone. In
general the molecular weights obtained from this light scattering method show
a higher molecular weight, an effect which can be attributed to the increase of
entanglements with the gel in the GPC column because of high branching content
in the samples, thus giving a slower flow rate. As the monomer weight for Ciq
is 140 da., the average number of carbon atoms in the backbone are also shown.

Similar molecular weights, backbone lengths and dispersities were determined

Carishop Monomer GPC Backbone GPC-light  Backbone
Polymer M, (da.) M, (kda.) Length M, (kda.) Length

(GPC) : (GPC-light)
G 140 510 7986 *°“ ¢ 985 7036
& 168 155 922 390 2321
C2, 168 298 1773 545 3244
Ciz 252 1000 7937 1550 6150

Table 7.1: Molecular weights measured by GPC-light scattering show higher values than
GPC measurements alone. This can be attributed to branched polymers passing through !

GPC columns slower than linear polymers.

for other polyolefins (Cys and two different backbone length C;2) produced in an



CHAPTER 7. MOBILITY OF POLYOLEFINS 114

industrial extruder from the PX/1 dept. Typical values of dispersity range from
4.9 to 6.5.

The polymers can be characterised as semi-crystalline rubbers with melting
points ranging from -10°C to +65°C. An increase in the side branch length in-
creases the melting point of the polymer but is a secondary effect to backbone
length. All Carishop polymers have shown a 60% isotactic formation with previ-

ous chemical shift investigations completed by the AG/32 department at K.S.L.A..

7.2.1.2 Viscosity Anomaly

Rheometric measurements by the PRP /431 department at K.S.L.A. were com-
pleted on the Cyg, Cy2 and C;g industrial extruded Carishop polymers with re-
spective molecular weights mentioned in the previous section. Specifically, viscos-
ity measurements were obtained for shear rates between 10=3 s~! to 5000 s~!. To
cover such a large shear rate range and to minimise errors at small shear rates,
two instruments were used. Firstly, for the lower shear rates (1072 s™! to 1 s71),
a Rheometrics System IV cone and plate rheometer, with a 50 mm cone, was
used. For higher shear rates (0.5 s~! to 5000 s~!) an Instron-Instrumat capillary
rheometer was used, with measurements taken for two different length to diam-
eter (713-) ratios of 20 and 81, to correct for capillary entrance and exit effects
(Bagley correction). Capillary diameters were approximately 1.3 mm, with all
measurements obtained at 80°C. In figure 7.3 the decrease in apparent viscosity
as a function of applied shear stress can be seen for the various Carishop polymers.
All measurements have been Bagley corrected from Cy, capillary flows. The note-
worthy features of these samples are three fold: firstly, relatively large zero shear
viscosities ranging from 1 000 Pa s to 50 000 Pa s, secondly the different viscosity
scaling dependence with shear rate of each different branched polymer and finally
and most importantly, the order of the zero shear viscosity (7,) for each curve.
It is thought the dominant feature of zero shear viscosity scaling for linear
polymers is the proportionality: 1, ~ L,> where L, is the backbone length [75].
One would expect, for branched polymers, at least an increase in viscosity with
backbone length, if not a similar scaling dependence, since the backbone length is
greater than the branch length by two orders of magnitude. However an unclear
trend is observed for zero shear viscosity scaling with backbone lengths, calculated
by GPC alone (see table 7.2). In contrast a comparison of selected viscosities (Cjq
and C;g) with backbone lengths calculated from GPC-light scattering, show the
predicted increase in viscosity as L, increases, but this increase does not obey the
L, scaling. A larger decrease in viscosity with shear rate for Cig, C12 and Ciq

by comparison with that observed for C;g is noted in Fig. 7.3. This suggests that
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Carishop Backbone Backbone Mo
Polymer  Length Length (kPa s)
(GPC)  (GPC-light scatt.)
Cio 7386 e 7036 40.1
Ci2 7976 - 14.2
Ciq 8776 - 12.6
Cig 7937260 6150 2.0

Table 7.2: The zero-shear viscosity scaling dependence with backbone length is unclear if
calculated from GPC data. In contrast selected GPC-light scattering measurements show

an increase of zero-shear viscosity with backbone length but is far from conclusive.

the shorter branched polymers experience a stronger shear thinning dependence.



CHAPTER 7. MOBILITY OF POLYOLEFINS 116

108 Apparent Viscosity, Pas

10‘:

103:

102 f

10 ¢

Figure 7.3: Previous viscosity measurements obtained by PRP/431 using cone-and-plate

and capillary rheometers show a decrease in zero shear viscosity with increasing backbone
length.
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7.3 Results

7.3.1 Viscosity Measurements

Figure 7.4: The heating of the Carishop polymers was completed outside the magnet
to ensure no air bubbles were present in the melt. The heating was performed with the

rheometer cell positioned inside the Massey PGSE probe.

The details of the combined cylindrical-Couette-cone-and-plate rheometer cell
that was used for Carishop viscosity measurements are given in section 3.4.3. The
Cio to Cyg Carishop polymers previously used in rheometric studies had viscosities
on the order of 1 000 to 40 000 Pa s. Thus use of the shear rates mentioned in the
previous section, led to shear stresses of up to 50 000 Pa.

Approximately 800 mg of the elastic solids: Cjg, C12 and Cys, in turn, were
added to the rheometer cell and heated to 80°C, well above each of the polymer’s
melting point (~50°C). This preliminary heating was completed outside the mag-
net to ensure air bubbles were absent in the melt and to check the inner cylinder
was in its correct position after being inserted. The rheometer cell was then at-
tached inside a Massey® PGSE* gradient coil which in turn was placed inside the
Bruker 200 MHz magnet (see Fig. 7.4). Fig. 7.5 shows a plot of the log of the
apparent viscosity versus the log of the shear rate for the three Carishop materials.
Immediately one can see that all the polymers measured have a different viscosity
dependence on shear rate. This difference is quantified in the relative power law
slope fittings, with Cq9, C12 having n ~ 0.5 and Cyg, n ~ 0.1 (refer Eqn. (2.19)).

With the shear rates covered, a Newtonian plateau, usually seen at low shear

®Massey University, Palmerston North, New Zealand.
*Pulsed Gradient Spin Echo
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Figure 7.5: Viscosity measurements obtained from combined rheometer system for Cjq,
Ci2 and C;s polyolefins show a larger shear thinning dependence on shear rate for the

Cjs Carishop polymer.

rates, is absent. Because of this absence, an extrapolation to obtain the zero shear
viscosity would not be correct. A more important emphasis here is placed on the
relative scaling of viscosity with shear rate and the trend this scaling has with
previous viscosity measurements (Fig. 7.3). To illustrate Carishop apparent vis-
cosity scaling with different backbone lengths, viscosity results for two different
Ci2 polymers are shown in Fig. 7.6. The obvious increase in viscosity with in-
creasing backbone length supports the idea of viscosity scaling being a backbone
length dominated effect, rather than a side branch length effect. Again power
law values around 0.5 were obtained. It is noted that repeated measurements did
not yield the same torque values, for apparently identical experimental conditions.
This can be attributed to a bearing friction coefficient which is varying as each
sample is loaded into the rheometer cell. A possible reason for the change could be
unwanted material on the bearing itself. This change in friction should result in a
simple displacement of shear stress, thus a displacement in apparent viscosity. As
the friction coefficient should not change as a function of shear rate, the scaling

of apparent viscosity should be correct.
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Figure 7.6: Cy, viscosity measurements for different backbone lengths reveal similar shear
thinning characteristics and, as predicted, an increase in viscosity for the larger backbone

length.
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7.3.2 Relaxation Measurements

7.3.2.1 T, Zero Shear
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Figure 7.7: The spin echo pulse sequence enabled a measurement of the echo height (or

alternatively spectrum area) as a function of TE.

As rheometric data was collected for the Carishop melts, T, measurements were
also studied using the spin echo pulse sequence shown in Fig. 7.7. To achieve this
a broadband, high power decoupled, Bruker MSL spectrometer was used. This
spectrometer along with a Techron 270 amplifier, providing current to the z gradi-
ent coil, enabled a slice selection of 1 mm to be chosen in the cylindrical Couette

region. To ensure all relaxation measurements could be regarded as applying to

Ln (E/Eo)

0 20 40 60 80 100 120

Time (ms)

Figure 7.8: T, measurements at zero shear rate for the C;, Carishop shows bi- exponential
relaxation behavior. This relaxation behavior could be attributed to larger mobility of

the ends of the side branches of the polymer.
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motionally-narrowed spins (see Fig. 3.4), Ty values for all Carishop samples were
taken at 80 and 100°C. All samples showed an increase in T'; times with an increase
in temperature.

Plotted in Fig. 7.8, at zero shear rate, is the natural logarithm of the echo
height, expressed as a ratio of the initial echo height, versus half of the echo time
(TE). Clearly two relaxation regimes are evident with a fast relaxing component
having a time constant on the order of 19 ms and a slow relaxing component
having a time constant of around 89 ms. Such bi-exponential plots measured in
the melt for linear polymers [100], also using 77, suggest that such regimes can be
attributed to either polydispersity within a sample or detection of differences of

mobility at different locations along the polymer chain.

1F o C12 (Mw=550 000)
0 L ® (3 (Monodisperse)

Ln (E/Eo)

8 1 1 1 ' Il [P — 1

0 20 40 60 80 100 120 140 160 180 200
TE/2 (ms)

Figure 7.9: Comparison of T, measurements for poly and mono-disperse polyolefins
show an absence of a slow relaxation component. This absence may be due to either

mono dispersity or less mobile branches in the polypropylene.

To investigate whether dispersity has a strong effect on bi-exponential behav-
ior, relaxation measurements were also performed on monodisperse (]]\‘—’I,[-‘: = IZh
polypropylene C3z (Fig. 7.9). Although the resulting curve is not single exponen-
tial, a clear slow component cannot be determined. This slow component’s absence
suggests that the previous slow component for the C;, may well indeed be a result
of dispersity. Alternatively the slow component (large mobility) may be absent
because of the smaller side branching of Cs. Strong evidence that T3 variation
arises from mobility within the chain rather than polydispersity is apparent in

Fig. 7.10, where a typical data set for the echo decay as a function of the increase
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in echo time for C;2, is shown. Close inspection of this relaxation figure shows
poorly resolved spectra, in which at least two chemical shifted species can be seen.
One can clearly identify the left and right components of these spectra in Fig. 7.8
as being the fast and slow relaxation components respectively. Interestingly these
two components, again in the same order, are centred at 1.2 and 0.9 ppm respec-
tively. These chemical shift reference points coincide with chemical shift points
for methylene and methyl moieties respectively as indicated by previous chemical
shift analysis on Carishop polymers [101]. Thus the two relaxation components
have been identified as the methylene and methyl groups found in the Carishop
polymer’s side branches. Ambiguity may rise over the placement within the chain
of the methylene relaxation measurement, but this can be quickly dispelled if one
compares relative magnitudes, or areas of the spectra, of the methylene group in
the side branches and the methylene groups in the backbone, compared to the
methyl group.

To obtain a comparison of the magnitude of the two components within the
spectrum, a four component deconvolution algorithm was applied (Fig. 7.11) to
the Cy, spectrum, collected at an echo time of 2 ms. The broad spectrum shown
in this figure can be attributed to background broadening thus leaving two peaks

centred around the previously predicted ppm values. The data in table 7.3 reveals

Peak Associated Predicted Predicted Deconvol. Deconvol.
Ne Group Freq.(ppm) Mag. (%) Freq.(ppm) Mag. (%)

1. CH 126 4.2 s s
2. CHbkckbone 1.4 8.3 : -
% Cl=" 1.2 75.0 1.2 69.2
4. CH3 0.9 12.5 0.9 17.8

Table 7.3: Comparisons of C13 protons, localised at the ends and within the branches of
the polymer, show predicted and experimental magnitudes, calculated from deconvolution

of the spectra, are similar.

a larger signal magnitude in the methylene group, centred around 1.2 ppm, com-
pared to the methyl group, but, overall, show a disagreement with the predicted
magnitudes. This disagreement has been attributed to the different relaxation
mechanisms of each component and the overall poor resolution of original spec-
trum. Nevertheless the methylene magnitude, being a lot larger than the methyl
magnitude, provides considerable support that this species is located in the side

branches of the polymer.
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When relaxation behavior is compared between different types of Carishop
polymers as in figure 7.12, an illustration of different mobility according to polymer
section length can be seen. The backbone length of the polymers increases in the
order of Cyg, Cy2 followed by Cyg9. The methylene relaxation times, as expected,
decreases in this order. Similar relaxation times for the methyl groups for C;g and
Cq2 could be expected, because of the similar side branch length, but an increase
in mobility of a larger side branch length for C;g is not expected. Alternatively
an increase in length of the side branch for C;g could inhibit entanglements of the
main backbone within the melt, causing an increase in mobility to be seen not
only in the ends of the branch chain but in the branch overall, ie. methylene and
methyl groups. This process of increase in mobility could be the effect causing a
longer relaxation component than expected for the methylene group in Cyg, which
has a backbone length (table 7.1) similar to that of Cjo.
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Figure 7.10: In a typical echo decay data set, two T, components can be seen in the

poorly resolved proton spectra. Note the poorly resolved, slow relaxing, second peak.

12 09 ppm

Figure 7.11: A four component deconvolution of the spectrum reveals slow and fast 7%
components are centred around 0.9 and 1.2 ppm respectively. The broad background

spectrum can be ignored as inhomogeneous broadening.
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Figure 7.12: Relaxation data for various Carishop polymers show more mobile side

branch ends for C,3 as the polymers slow relaxation component is slower than the other

Carishop polymers.
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7.3.2.2 T,* Influence of Shear

Relaxation measurements were carried out on Carishop polymers undergoing shear
rates between 0 and ~91 s~!. The relaxation data for C;; is seen in figure 7.13
(a). Similar bi-exponential decays are observed for zero shear rate but as the shear
rate is increased the longer relaxation time component is more attenuated. This
reduction has been attributed to a decrease in mobility or alignment of the ends of
the side branches as the shear rate is increased. A comparison of loss of mobility
between C;3 and Cyg, under shear (Fig. 7.13 (b)), suggests the C;g polymer aligns
and disentangles more easily than that of the C;, polymer.

Because of sample rotation the refocussing of the spins occurs in a different
position within the magnet to that at which dephasing takes place. Consequently
the signal is further attenuated due to inhomogeneous broadening. This inho-
mogeneous refocussing means that the relaxation time being measured is partly
T, and partly T;". To ensure that the more attenuated signal was not a result
of inhomogeneous broadening alone, a 95% ethanol sample was used under the
same shear conditions. Relaxation measurements revealed an absence of extra

attenuation.
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Figure 7.13: (a) A decrease in mobility is noted, via T>* scaling, for C;, polyolefins as
the shear rate is increased. (b) Comparison of the rate of decrease in mobility between

Ci2 and Cy3 reveals that Cy3 is more easily aligned.



CHAPTER 7. MOBILITY OF POLYOLEFINS 128

7.4 Conclusions

Previous results measuring the zero shear viscosity of varying branched Carishop
polymers, in which the zero shear viscosity increased as side branch length de-
creased, can be explained in terms of erroneously determined molecular weight
using GPC. A more accurate molecular weight measurement of the Carishop poly-
mers using GPC-light scattering, shows that the ordering of zero shear viscosity
follows the ordering of the backbone lengths, but not as 5, ~ L,°.

Viscosity measurements obtained from the combined cylindrical Couette-cone
-and-plate rheometer show a higher degree of shear thinning behavior for the
higher branched Carishop polymers. This apparent contradiction with previous
rheometric data can be explained as the shear rates were measured in capillary
rheometers for short % ratios. Although Bagley corrections were obtained for C4
this should have been done for all different branched Carishop polymers.

Proton T, relaxation experiments on the Carishop polymers reveal two main
components identified respectively as signals arising from protons at the ends of
the side branch chain and in the side branch itself. Relative scaling of relaxation
times between different branched Carishop polymers suggest a higher mobility at
the ends of the branches for higher order polyolefins.

T2" measurements carried out under shear suggest a loss of mobility at the
ends of the chains as the shear rate is increased. The rate of this loss of mobil-
ity for different branched Carishop polymers suggest C;s is easier to align and
disentangle.

The low power law behavior of C;g could be explained by the polymer’s easier

alignment under shear as shown by 75" measurements.



Chapter 8

Large Magnetic Field Gradients

8.1 The Need for Large Magnetic Field Gradients

Throughout this thesis the predominant NMR measurement has been of proton
translational velocities, achieved in a variety of different geometries. Also, previous
work (Ch. 4) has utilised the measurement of slow polymer self diffusion, again
detecting the proton signal. Both of the above methods of measurement rely on
the PGSE pulse sequence. A unifying requirement for both methods is the need
for use of homogeneous applied gradients that will produce a minimum amount
of eddy currents. These currents, if produced, will create a magnetic field that
may perturb the original gradient, an effect which is undesirable, but avoidable as
explored later in this chapter.

With the previous studies in this thesis the value of higher available gradient
strength has become apparent. For example in chapter 4, to obtain a measurement
of a slower self diffusion coefficient or investigate the internal reptating dynamics
(see Sec. 2.4.3) of the PEO polymer, a larger gradient is necessary. Likewise to
clarify the slip phenomena behavior of Xanthan gum, a higher resolution image
of the wall boundary is required (see Ch. 5). This change in the ‘field of view’
also requires the application of larger gradients. A similar resolution change is
essential if larger shear rates are sought after with smaller rheometer cells, again
demanding larger gradients.

If Rheo-NMR is to be extended to order parameter measurement, using for
example the ‘quadrupole line splitting’[54], deuterium-NMR studies would have
to be implemented. Such a nucleus change would have dramatic effects on the
required gradient magnitude if the study included spatial localisation. The gyro-
magnetic ratio for deuterium is seven times smaller than that of protons, thus the

magnitude of the gradients would scale accordingly.

129
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It must be noted that the resolution in NMR microscopy is limited both by
susceptibility artifacts and by molecular diffusion itself. These limitations, as
discussed later in this chapter (see Sec. 8.3), can be extended if certain pulse
sequences, utilising large gradients, are adopted.

As part of this thesis a large-gradient coil set was developed, tested and used

for high spatial resolution experiments.

8.2 Probe Development

8.2.1 The Quadrupole Gradient Coil

When pulsed gradient dependent measurements are made in nuclear magnetic res-
onance, care must be taken to avoid perturbation of the signal by transient fields
due to eddy currents induced in the surrounding metal of the superconducting
magnet cryostat. It will be shown that quadrupole coils have some advantages
in this respect when used in conjunction with superconducting polarizing mag-
nets. Measurement of slow diffusion, where large gradients are required, is also an
experimental area for which the use of quadrupole coils can be advantageous. An-
other advantage is the quadrupole coil’s high ratio of gradient strength to driving
current and coil inductance.

The orientation of the quadrupole coil (Fig. 8.1), axis transverse to the direc-
tion of the main field B,, has the advantage of minimising eddy currents produced
by pulsation of the gradients. This minimisation is achieved by the absence of con-
ductive material above and below the gradient coil. Modern NMR magnets are
either vertical or horizontal superconducting solenoids. In each case the polarizing
field is parallel to the bore axis. Because the axis of a quadrupole gradient coil is
required to be normal to the polarizing field, this results in the need for horizontal

loading. This disadvantage is small compared to the advantages mentioned above.

The exact current configuration of the quadrupole coil is shown in figure 8.2,
where four main current paths! can be seen moving into and out of the page. This
configuration results in linear magnetic field gradients %%‘ and %1. Because the
polarizing field, B,, is much larger than the local fields produced by the gradient
coil, all orthogonal fields produce only second order effects and can therefore be

neglected. Hence only %—i‘ is important. In particular, as shown in Fig. 8.2, there

is a diagonal (45°) field variation, which can be used to create a % gradient
by rotating the current configuration by 45°. Thus a dual current distribution is

obtained, creating field gradients in the z and z directions (G, and G). These

'Hence the name ‘quadrupole’.
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Figure 8.1: The transverse orientation of the quadrupole coil, to the main polarising field
B,, provides minimal eddy currents because of the absence of conductive material above

and below the gradient coil.

gradients have an improved homogeneity if the currents approximate the distri-
bution I = I,cos2¢. I, is the current located at the main current path and [
the current at angle ¢, from that path. This cos 2¢ variation can be achieved by
having a discrete wire distribution of 10.14.10 or 7.10.7, at 45° separation. In a
practical situation as shown, the G, and G, coils are wound at different depths.
The smaller number of wires required for the gradient G is due to the currents
being located at a smaller radius (closer to the axis of the system). The dual

gradient system is seen in Fig. 8.3.
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Magnetic Field Direction

0O

Current Direction

Figure 8.2: The magnitude of the diagonal magnetic fields produced by the quadrupole
coil are second order compared to the main field B, (collinear to the z direction). The

four main current ‘poles’ give rise to the quadrupole coil’s name.

Figure 8.3: An improved gradient homogeneity is achieved for the quadrupole coil if a
cos @ current distribution is used. This is achieved with a 10.14.10 and 7.10.7 discrete

wire distribution for the G, and Gy gradients respectively.
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8.2.1.1 Homogeneity and Gradient Calculations

The resolution of an image in NMR is limited by various parameters such as the

diffusion of the molecules containing the nuclei, available bandwidth and gradient
strength. The linearity or homogeneity of the gradient is important to avoid
distortion of an image. A gradient strength of at least 0.20 T m~! A~! was
sought for the quadrupole coil, with a 0.50 % field variation over a volume of 50.0
mm? (3.0 mm radius). The desired gradient strength allowed for the possibility
of slow diffusion being measured, (< 1073 m? s71). The gradient amplifier to be
used with the quadrupole coil is the Bruker B-AFPA 30. This amplifier provides
a maximum of 1.80 kW of pulsed power with a rail voltage of approximately
60.0 V. Both constant current and constant voltage modes are available, with a
selection of rise and fall times for different load impedances. Because of the power
dissipation in the gradient coil, a limit of < 2.0 €2 is required for the resistance for
each gradient set (G and G;).

For the above conditions, diameters for the current distributions of 16.0 mm
and 20.0 mm were chosen for G, and G, respectively. A length of 50.0 mm was
also chosen to optimise the homogeneity while maintaining the required gradient
strength. The geometry and current were optimised using a integrative method,
calculating both gradient strength and homogeneity. The Biot-Savart law was used
to do this calculation. This law states that the magnetic field, B, is calculated at
a point, r, as a contribution of current elements, dl, along a discrete wire from L,

to Loax:

L
Lo maz (] X r
B(r) = — —_— )

(I') 47r ﬁo |r|3 (8 1)

A plot of the calculated B, field component as a function of z (Fig. 8.4), shows
the required linear field variation, G,. Linear regression reveals a gradient of
approximately 0.20 T m~! A~!. The variation of this gradient in the y direction
is 0.34 % for + 5.0 mm. Similar results were obtained over lesser distances of + 3.0
mm in the z and z directions. The G, gradient is also calculated as approximately
0.20 T m~! A~!, but in this case a larger variation of 0.50 % is predicted along
the y direction for + 5.0 mm (Fig. 8.5). The variation in the 2 and z directions
were similar to that of the G, calculations with all results still lying within the

homogeneity criteria mentioned earlier.
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Figure 8.4: The linear variation of the G, gradient shows a magnitude of 0.20 T m~!
A~! is expected.

16.32
[ ] [ ]
16.30 |
[ ] ]
0.5%/7

»n ° °
E L
g 16.28 ° °
E . .

16.26 [+ g 2

L] ]
[ ] [ ]
] L]
16.24 | ° o
L] [ ]
] L]
®eg000®
16_22 1 i L L 1 L
-0.6 0.4 0.2 0.0 0.2 0.4 0.6
y(cm)

Figure 8.5: A 0.5% field variation is calculated for the G, gradient for a + 5.0 mm
positional variation along the y direction.
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8.2.1.2 Active Screening of the Quadrupole Coil’s ‘End Fields’

Active screening for coils wound on cylindrical formers involves a cancellation of
all fields beyond a certain radius from the cylinder axis. Because the quadrupole
axis is normal to the polarizing field in a superconducting magnet application, the
normal screening consideration must be re-examined. Suppose we label the gradi-
ent coil axis z and the direction of the polarizing field y, then we need not concern
ourselves with fields extending along the y direction beyond the radius mentioned
above. Within this radius, fields may interact with the bore wall producing eddy
currents. The distance from the gradient coil to the bore wall may be only a few
centimeters, so stray field effects have to be considered. Active screening involves
a superposition of two fields which will produce a linear magnetic field variation
inside the coil and zero field outside. Adopting a cylindrical coordinate system, the
screening conditions are found by first considering the relative current distribu-
tions (Jy(r), J.(r)) that will produce the desired magnetic field gradient inside the
coil. In the case of the quadrupole coil, the current distributions are distributed
on a cylindrical surface of radius, a (see Fig. 8.6). The theory of active screening
has been developed by Turner and Bowley[102], the main points are summarized

here. The vector potential (A) of the current distribution is defined as:

Coil axis
z

(r-r)

vd

AL,

Figure 8.6: Current distributions Jy(r) and J;(r) located on a cylinder of radius a,
produce field components B,, By and B, at radius p. Using an inverse space formalism,

current distributions can be calculated for a desired magnetic field.
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to [ I(x')dv'
A=— I
47r/ [r — 1| (8.2)
Each component of A can can be expressed in cylindrical coordinates as the fol-
lowing:
to [ Jo(r')sin(¢ — ¢')dv’
A, = — :
il / ry—y (8:3)
o [ Jo(r') cos( — ¢')dv'
Ay = — 4
i 4r / |r — 1| (8.4)
o [ J(r")dv
A = ko / — (8.5)
(8.6)

The convolution of terms which defines the vector potential in real space, becomes
a simpler product of terms in a reciprocal space. Using a Green’s function[103]
expression in reciprocal space (k), we transform the vector potential components

into a cylindrical coordinate form:

1 1

= = 2 no. '
e Ll g ¥ | ket (kg i (k)  (8.7)
m=—o0 ¥~

I, and K ,,, are modified Bessel functions, with p> the greater of the pair p and a

and p<, the lesser. Fourier relationships for the current distributions are defined

as:
JM(k) = ﬁ/jf:; dzdpe™"™Pe=*2 ] (¢, 2) (8.8)
L px e ; ik
JP(k) = E/_, [ dzdgemme R0y, 2) (8.9)
(8.10)

The vector potential components can now be expressed in a reciprocal space form:

A, = —%I‘J;”(k)a[fm_l(kp<)Km_l(lcp>)

~ L1 (kpS) Krt1(kp”))] (8.11)
Ay = %FJ;"(k)a[[m_l(kp<)Km_l(kp>)

L1 (kpS) K my1(kp™)) (8.12)
A, = TJIP(k)aln(kp<)Km(kp”) (8.13)

where r:g—;mf_jw | g (8.14)

The magnetic field (B) is the curl of the vector potential. It is a trivial matter

to rewrite each magnetic field component in terms of its inverse space, current
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distribution:
| pe K
B = VXA:; 5 % = (8.15)
A, pAy A,
_ 1[0A, (9A¢,J
- iI‘kaJ;)”(k)I:n(kp<)K:n(kp>) (8.17)
_ [0A4 0A,
> B = [52- ap] (8.18)
ma ., / <N ot >
= TR (k) K (k) (8.19)
1 04, 04
S il (8.20)
= TkaJJ (k)L (kp<)K, (kp”) (8.21)

The B, field component is calculated from the vector addition of its coplanar

components, namely B, and Bg:

B, = B,sin¢+ Bgcose (8.22)
1 .
- 5rk(urm(/cp<)[J;;-l(/c)A,'n_l(/cp>)
— TP (R g (k™) (8.23)

The problem of screening the fields outside a quadrupole coil has been considered
by Turner(104]. The most important pulsed field component to be screened, is
that produced in the direction of the main field B,. In the calculations above
this is the By field component. Other directed field perturbations will be second
order to this, since B, has a large magnitude compared to other directed field
components.

New current distributions (jg(r), j.(r)) are defined at a radius b which is
greater than a. A convolution of two magnetic fields is now produced canceling
the fields outside the coil while still maintaining the linear field inside. A similar
expression for B, without screening (Eqn. (8.17)) is obtained with each of the

current distributions now defined at their relative radii of @ and b as follows:

B, = TkIL(kp<)K'(kp)
X [aJ:;(k) + bj;;(k)] (8.24)
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To cancel the field component from Eqn. (8.24) outside the radius b, an expres-

sion for the inverse space current distribution j7*(k) is calculated given J7*(k) as

follows:
B, =0 for p>b (8.25)
= (Lng(k)I,'n(ka) + bj;”(k)],’n(kb) =0 (8.26)
s @l (ka) oo

The same expressions are obtained when screening for B4 and B, field components
outside the screening current radius, b. A direct result of this, is that the field
component By is automatically screened when screening B, since its components
are superpositions of B, and By (Eqn. (8.23)). Thus by calculating the current
distribution );”(k) from equation (8.27) one automatically screens the B, field

component. With the transverse orientation of the quadrupole coil mentioned

bl

z

— a oo/
4] b 9‘
= a
) =
o =~
m Gradient Coil Former B, 0 =
- 21 >
B,=0

Figure 8.7: Active screening may propose a possible solution in screening magnetic fields
in the volume defined outside of radius b. The ‘end fields’ produced inside radius b may
not necessarily be screened when screening outside this radius.

earlier, a screening volume is now defined (Fig. 8.7) outside the radius b.

A major question not considered by Turner is how to screen any fields inside
the coil radius, outside the length (£!). The question now arises as to whether the
‘end fields’ of the quadrupole coil can be actively screened in this second volume
(inside the radius @ and outside the length +/).

Re-calculation of the Bessel functions inside radius a for the B, field component
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reveals the following:

B, =0 for p<a (8.28)
= aJ§(k)K,,(ka) + bjg(k) K, (kb) =0 (8.29)
, a K] (ka)
k)= ———=JT(k ;
It is clear that simply using the condition for B, = 0 for p < a results in

cancellation of the desired gradient at the coil centre. What is needed is the
condition B, = 0 for 2 > 1 and z < —I. Such a condition requires either that
the current distribution vary along the z axis or that some appropriate current
distribution exists on disks normal to the coil axis and positioned at z = £I. The
solution to this current distribution is a complex one and an alternative approach
was taken to ask the question, do these fields need to be screened at all? In
particular, is the magnitude of the end fields produced from the quadrupole coil

sufficient to cause perturbing eddy currents?

8.2.1.3 Eddy Field Calculations

Field calculations of the quadrupole coil were completed to establish if eddy fields
produced from the coil would perturb the produced gradient. As a guide to what
magnitude of stray field would result in problems, pulsed gradient experiments
were carried out at the Karlsruhe Laboratory of Bruker Analyitische Messtechnik.
A 30.0 mm OD, unscreened saddle gradient coil was tested for eddy currents.
Testing was performed in a vertical superwide bore (15.0 cm ID), super conducting
magnet. A gradient%g& of l.g‘:T m~! was applied before a 90° rf excitation
pulse.3nd Mo perturbﬁg imrftuencedathe collected FID was detected at the shortest
delay time used (50 ps). This experiment gave a clear indication of what stray
fields could be tolerated without suffering eddy current effects.
Using the integrative method described earlier (Eqn. (8.1)), parameters for
a dummy saddle coil were chosen to produce the same gradient strength as the
above reference experiment. These parameters included coil diameter, current
supply and number of discrete wires. Figure 8.8 shows these parameters as well
as the orientation within the magnet and the direction of each field component.
Figure 8.9 shows a plot of the B, field component as a function of 2 for the
saddle coil (note that by contrast with the quadrupole coil, the saddle coil’s z-axis
is collinear with the polarizing field). Hence it is the z-axis component which we
must consider. The best fit line has a slope of 1.0 T m~! within + 1.0 cm of

the coil’s origin. To observe the nature of the B, field outside the coil, a three
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30.0 mm 20.0 mm
< Number of discrete wires = 40

Figure 8.8: Field calculations for a dummy saddle coil were completed to estimate the
criteria for whether eddy currents will be produced for a given pulsed gradient strength.

The relevant parameters and orientation of the coil to the main field B, are given.

dimensional plot (Fig. 8.10(a))is shown. The B, gradient can be seen at the origin
of this plot, as well as four large ‘field spikes’ associated with the return current
paths on the coil. Other return current paths can also be seen with smaller field
spikes near the origin of the plot. The coil’s diameter and length can be ‘outlined’
with the reversal of sign of the magnetic field. A similar three dimensional plot
is also shown for the B, field of a quadrupole coil operating at 1.0 T m~! (Fig.
8.10(b)). Note again that the B, field of the quadrupole coil is collinear with the
polarizing field direction). Again the gradient and outline of the coil can clearly
be seen. The relative magnitudes of each of the fields in the three dimensional
plots (Fig. 8.11), show the fields decreasing rapidly as the distance from the coil
is increased.

For superwide bore (7.50 cm) and wide bore (4 50t$m) distances from the coil
respectively, the saddle coil’s B, field is la,;ger -t»krfm*that of the quadrupole coil
B, field. Given our experience with the Karlsruhe’ experiments this suggests that
the quadrupole coil will not produce perturbing eddy currents when operating at
1.0 T m~!. Indeed we might expect to be able to operate at much higher gradient
strength without significant effects. It should be noted however that at standard
bore diameters (2.50 cm), eddy current problems may arise and active screening

for these fields may be needed.
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Figure 8.9: Regression calculations of the gradient strength of the dummy saddle coil

reveal the required value of 1.0 T m~! is achieved.
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Figure 8.10: (a) The three dimensional field plot of the B, field component for the
dummy saddle coil shows the expected linear gradient at the center of the coil as well as
the ‘outline’ of the coil itself. (b) A similar three dimensional plot to that of the saddle
coil for the quadrupole coil, firstly shows the different orientation to the main field B,
and secondly the different current return paths.
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Figure 8.11: Comparative field profiles for saddle and quadrupole coils, operating at
1.0 T m~!, predicts screening is not required for the quadrupole coil at wide bore and
superwide bore diameters. At standard bore diameters eddy currents may cause F.1.D.

perturbation problems.
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8.2.2 The Target-Field Gradient Coil

The quadrupole coil is suitable for the generation of G, and G, gradients in the
magnetic field[104). The design of the third gradient (G) was undertaken using a
target field approach. This involved starting with a desired magnetic field profile
and calculating the current distribution that would produce it. Note that in
designing G'y, we are seeking a field component along the z axis of the polarizing
magnet which varies linearly along the y axis. In the frame of reference of the
quadrupole coil this is % We desire our field component to be independent of
p and azimuthal, ¢.

From Eqn. (8.23) we can see that there is a direct relationship between the
magnetic field component B, and the current distribution (J7*(k)) at radius a. A
less general solution to this equation results when the field component is considered

at radius a:

By(p,$,2) = §FkaIm(kp) [T (k) K s (ka)
— I (k) K 41 (o)) (8.31)
It is useful to define an inverse Fourier transform (Eqn. (8.32)) of the B, field
component at a radius ¢, where ¢ < a. This arises from the simplicity with which

the F.T. of the magnetic field can be expressed if independent of radius as seen
later (Eqn. (8.41).

Biess) = g2 X [ dkemte Byl (332

Equating equations (8.31) and (8.32) one obtains:
BM(c,k) = —,uokalm k)| (k) Ky (ka)
—J;”“(k)fxmmka)]

Because of the symmetry of the B, field component with respect to angle ¢
(By*(e,k) = 0 for m # 0 and J;™(k) = —J7'(k)) a relationship can be obtained

between the first order current density and higher terms:

Jik) = lpokal,(ke)K}(ka)] ™" BI(c, k) (8.33)
= JP(k) = ]I“((k“ l 3 6m2n+1] (8.34)
using B (p,k)=0,m#0 (8.35)

It follows from Eqn. (8.34), that only odd ‘m’ ordered terms are used. Another

consequence of the symmetry of the magnetic field, is that the target magnetic
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field defined at radius ¢, is identical for all values of r[104]. Now that the JF*(k)
component current distribution can be calculated, the divergence theorem is used

to calculate the other current component J™(k).

v-Jd =0 (8.36)
= J™(k) —%Jg’“(k) (8.37)

Finally to obtain both current distributions in real space, ie. J,(z) and J4(2), the

inverse Fourier transform of the above current distributions must be calculated:

Mz = 2w S /°° dkJ™ (k) (8.38)

m=—oo "

o 3 /_deJ;n(k) (8.39)

m=—00

Jy(2)

8.2.2.1 The Target Function

From the calculations in the previous section the expressions below for B, were
chosen (see Eqn. (8.40)). The target field function shows a z” proportionality,
defined at radius ¢. This type of function has a linear gradient when z is less than
the parameter, d, but rapidly diminishes when greater. The parameter, G, is the
required gradient strength.

-1

B,(z) = Gz[1+(df)ﬁ] (8.40)

1,k 4
FT.= By(ck) = [6m,o§(|k—|)d2mz}x[ze—¢cos(|k|d§+§)

—em ] (8.41)

The Fourier transform of Eqn. (8.40)is Eqn. (8.41). At larger values of k it can
be seen, from Eqn. (8.33) in conjunction with Eqn. (8.41), the first order current
distribution J}(k) leads to the approximation:

Jak) o eflmemzd) (8.42)
for J,(k) to converge = c+ g > a (8.43)

th ordered current distributions is to converge, then a

Hence if the sum of all m
limit is put on the relationship between a, ¢ and d (as seen above). The parameters
¢ and d, which define a cylindrical volume, are optimised to give the best possible

gradient homogeneity. Too large a value of d, will produce a current density
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outside the physical boundary of the coil. The following values were used:

a = 14.0 mm
¢ = 8.0 mm

d = 19.0 mm

A plot of the current distributions (Fig. 8.12) in k& space, calculated from the

2.0e+3
® Jo
° Jz
()
° e
2 10e+3F°®
8) [ ]
© [ ]
= . &
= (1]
.
8 00e+0 [ o p
*e o:
Po ’
e
-|08+3 -‘l i 1 i 1 i 1 i 1 i 1 i 1 i 1 i 1 i
v0 05 1.0 1.5 20 2.5 30 35 40 45 5.0

k (1/mm)

Figure 8.12: Both current distributions (J4 and J;) are calculated in an inverse space
(k) for a desired magnetic field distribution. The convergence seen here for large values

of k is essential to obtain J4 and J, in real space, z.

target magnetic field given above, shows both the z and ¢ components converging
to zero, as k — oo (Eqn. (8.41)). It is essential that this data is equal to zero
at larger values of k, so as to avoid truncation and a ‘base line roll’ when the
F.T. is calculated. Fig. 8.13 shows both of the calculated current distributions
in real space (z). It is apparent that as (J4(2z)) crosses over from a positive to
negative value, J;(z) is a maximum. Also, when J, is zero for small 2, J4 has a
maximum value. This type of distribution describes a current arc contour such as
that shown in Fig. 8.14(a). Only one octant of the pattern is shown. This contour
has been discretised by integrating along the perpendicular to the resultant current
distribution, at specified points and dividing these paths into equal magnitudes.
These current distributions can then be approximated by discrete wires as shown
with in Fig. 8.14(b), again only showing one octant of the pattern, with three

wires. The pattern here has been termed a ‘moko’? pattern. In carrying out the

2A ‘Maori’ facial tattoo.
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Figure 8.13: The F.T. of the current distributions in Fig. 8.12 produces a current density

defined in real space (z), where the direction of y is parallel to B,.

contour calculations I was greatly assisted by Phillip Back3.

3Postdoctoral fellow, Massey University, Palmerston North, New Zealand.
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Figure 8.14: (a) From the current distributions defined in Fig. 8.13, discretisation
of the currents is obtained by integrating along perpendicular paths to the direction

of the current. After this integration, each path is divided equally into the number of

discrete current paths desired. (b) A discrete current configuration for one octant is

shown consisting of three separate paths.
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8.2.2.2 Homogeneity and Gradient Calculations

Again the Biot Savart law was used to perform field calculations for the target
field coil. We now adopt the normal NMR axes where the z axis is aligned with the
main magnetic field, B,. The three contour solution for all eight octants was used
with the volume of interest being: —5 mm< 2 < +5 mm and -2 mm< y < 42
mm. A gradient of 3.3x1072 T m~! A~! was calculated with a 0.7 % variation
over a 12.5 mm? volume. This gradient strength has been achieved with only one

discrete wire per contour, over the eight octants.

8.2.2.3 Former Design and Wiring

Both the quadrupole and target field coil contours were milled into a former with
an an injected mould weave material called ‘tufnol’. The computerised milling for
the moko pattern is not described here, but details of this operation can be found
elsewhere[105]. Each gradient set in turn was milled with a vertical mill to the
required depth. Each groove had a 2.0 X 2.0 mm width and depth. Wire was then
laid in the grooves according to the configuration described on pages 130 and 146.
Six wires per contour were used for the wiring of the target coil to increase the ex-
pected gradient strength from 3.3x1072 T m~! A~! to approximately 20.0x 102
Tm™! A-L.

The wire used was an enameled 24 gauge (0.18 2 m~!) copper wire. As the
wire was being placed into the groove, a small amount of ‘super glue’ is used to
keep it in position. After all the wires are temporarily fixed by this super glue, the
groove was then filled in again with ‘24 hour’ epoxy resin. In this last process it
is important that no air bubbles should be present to ensure no movement of the
wires when being pulsed in the magnetic field. Constant rotation of the former
during the curing time of the epoxy resin, ensures that none of the ‘problem’ air
bubbles are present. After the glue is set, the above contour grooving procedure
is repeated, but this time for the next gradient set at a shallower depth. A 0.5
mm gap between the next groove and the existing gradient set, ensures that no
short circuit is caused by milling through existing wires. The former is supported
(Fig. 8.15) by a tufnol cradle with adequate clearance inside the cradle for the r.f.
connections. This cradle is again supported by a standard Bruker macor r.f. base
for attachment onto a standard Bruker micro imaging probe.

The r.f. tuning circuit consisted of series-parallel arrangement shown in Fig.

8.16, attached to a four winding transverse solenoidal coil. This arrangement
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Figure 8.15: To hold the discrete wires in place, grooves are made in a former of Tufnol.
The former is positioned on a standard Bruker r.f. holder with the wires fixed in place by

epoxy resin.

results in a circuit impedance of the following:

R+ (XL - Xe
P XLEXC - ]}3 (844)
1= +ixg;

2

where R, X¢,, Xc, and X are the resistance, reactance of capacitor, C;, reac-
tance of capacitor, C'; and reactance of inductor, L, respectively. The circuit is
best tuned where X¢, = X. When X¢, = R, the circuit is said to be ‘matched’.
The r.f. coil was wound around a 1.20 mm OD, 1.00 mm ID glass tube, held in
place by two teflon caps located at either end of the gradient coil. The circuit is
best tuned to a resonant frequency of 300.136 MHz, at which frequency it has a
‘Q’ of over 100.
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Figure 8.16: The r.f. tuning is a series-parallel circuit with the normal 50 € line resis-
tance.
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8.2.2.4 Gradient Strength and Eddy Current Testing

Using a tube of water of known dimension as a sample and by measuring the
NMR frequency broadening (w; — wy) associated with the application of each
of the gradients in turn, magnitudes (G) of the gradients can be determined as

follows:

XIT

I is the applied current and 7 is the (known) radius of the sample.

G = Wwz — wr)

To obtain three orthogonal projections through a 5.0 mm ID test tube of
doped* water, a 300 MHz AMX spectrometer with a wide bore super conducting

magnet was used. Magnitudes of all three gradients are shown in table 8.1.

Current Sample Width Freq. Width Grad. Magnitude

(A) (mm) (kHz) (Tm~! A°1)
Gy 0.87 5.0 35.0 0.190
&y 2.97 2.0 50.0 0.198
G, 0.95 5.0 40.0 0.197

Table 8.1: Gradient magnitudes for the quadrupole and target field coils determined by

the frequency spread of proton nuclei on application of a gradient.

90/x  90/x 90/x 90/x
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Figure 8.17: The above pulse sequence samples an F.I.D. at different time intervals after

the application of a gradient pulse.

Eddy current testing was performed at Bruker using a 270 MHz spectrometer
with a wide bore vertical magnet. A pulse sequence was used consisting of a
gradient pulse followed by eight 90° pulses (Fig. 8.17), of delay times: 12.5, 25.1,
50.3, 100.5, 201.0, 402.0, 804.1, 1000.2 us. If the gradient were not pulsed, eight
identical F.I.D.’s would be obtained, as no perturbation of B, would occur (refer to

page 140). Identical F.I.D.’s (even down to a delay time of 25.0 us) were obtained

*Doped water is distilled water with copper sulphate added to reduce the relaxation time, 7.
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Inductance Resistance

(pH) (£)
G 70 1.4
= 20 0.7
&, 18 1.0

Table 8.2: The quadrupole-target-field coil show low inductances for all three gradients.

These inductances were measured at 1.0 kHz.

with the G gradient being pulsed at 1.0 T m~!. Similarly for the G, and G,
gradients, eddy current tests reveal the same minimum delay is obtained. These
comparatively short recovery times obtained for the gradients support previous
calculations on page 139, where it was suggested that eddy currents would not be
a significant problem in a wide bore geometry when pulsed at 1.0 T m~!.

As mentioned earlier one of the advantages of the quadrupole coil is the low
inductance it achieves, thus the c&iluc’%n be operated at lower driving voltages.
Inductance measurements of. eachathree gradients were achieved at a frequency
of 1.0 kHz using a Hewlett Packard HP 4192A LF impedance analyser. These
inductances are summarized in table 8.2 along with the coils’ resistances. The G/

gradient shows a similar magnitude to that of the other gradients.
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8.3 High Spatial Resolution & Double Phase Encoding

The ultimate limit to resolution in nuclear magnetic resonance is determined by
the intrinsic signal-to-noise ratio[106). In principle the best resolution is achieved,
since the noise power is dependent upon the acquisition bandwidth, where the min-
imum bandwidth is comparable to the intrinsic linewidth ([xT]~")[54]. However
two types of limitations can intervene before the above takes place. In particu-
lar, diamagnetic susceptibility inhomogeneity may broaden the linewidth well in
excess of [7rT2]—1. Molecular self-diffusion, in the presence of applied and local sus-
ceptibility gradients, will further attenuate the NMR signal. While the two effects
are fundamentally different in their influence upon signal-to-noise, the techniques

for avoidance are similar.

8.3.1 Susceptibility Effects

The details of susceptibility and diffusion effects, as they pertain to NMR mi-
croscopy, can be found elsewhere[107]-[109]. Only a summary shall be given here.

The field variations caused by susceptibility variations cause a local precession
frequency offset, YA B,(r), which is superimposed on the frequency spread caused
by applied gradients. The effect of AB,(r) is dependent upon the exact imaging
pulse sequence employed. For the usual phase-frequency spin-echo type of Fourier

imaging shown in figure 8.18 (a), the signal amplitude may be written as:
S(kay ky) = //p(a‘:,y)eiz’rk‘[I"'AB"(""!"))"G“)eaﬁyydrcdy (8.45)

where G; and G are the read-gradient and phase gradient amplitudes, respec-
tively. The k space components are k; and k, given by (27) 'y Gyt and 27) Gty
respectively. The effect of the field offset, AB,, in equation (8.45), is to displace
the original object’s elements by AB,(z,y)/G, in the direction of the read gradient
while phase gradient effects are absent. The distortion length scale is characterised
by the parameter, Az;ycq;. An inherent phase modulation, caused by the phase
gradient, is also evident with the above type pulse sequence. As spin echoes have
been used here, the phase differences are refocussed, hence the omission of such a
term in equation (8.45).

In contrast with phase-frequency encoding, the use of phase-phase encoding
(Fig. 8.18 (b)) leads to an apparent lack of image distortion when the signal

amplitude is examined for this different pulse sequence:
(ks ky) = / / p(, y)e2rkemthyy) G1BBo(=.)t 41 gy (8.46)

What is evident in equation (8.46) is the phase modulation caused by both phase
gradients. One is reminded that, as with phase-frequency encoding (Eqn. (8.45),
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Figure 8.18: (a) The spin echo, phase-frequency pulse sequence is vulnerable to image
distortion when susceptibility field offsets are present. (b) The phase-phase encoding pulse
sequence, on the other hand, avoids image distortion when sub jected to field offsets caused

by susceptibility differences.

the phase modulation for phase-phase encoding is again refocussable if spin echoes
are employed. In the event of not using spin echoes, such as when acquiring a
signal immediately after the application of a phase gradient to reduce T effects,
the resultant local phase shifts may cause destructive interference if a sufficient
phase difference occurs across a pixel. Such a null will cause attenuation of the
signal, a term we have called ‘phase smearing’. This effect can be avoided if a
‘modulus’ of the image is taken, as well as the applied maximum gradient, G oz,
being a lot larger than local inhgi’nogeneity gradients caused by the original field
offset, ABy(z,y) (ie. ABo(z, y§<< Gmaz(107]).

The phase-phase encoding system requires a longer experimental time because

of its N2 phase encoding steps, in contrast to the phase-frequency method which
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requires N phase encoding steps. In terms of signal-to-noise however, the experi-

ments are equivalent[107].

8.3.2 Diffusive Effects

The unrestricted diffusion of molecules in the presence of spatially dependent
magnetic fields, induces phase shifts in the spin transverse magnetisation (Sec.
3.2.3.1). This effect can cause loss of signal intensity which ultimately can limit
the spatial resolution, since increasing spatial resolution requires progressively

larger gradients.

8.3.2.1 Homogeneous Systems

The resultant attenuation, A, associated with the application of a steady uniform
gradient, G, for time ¢, with diffusion coefficient, D, is[110]:

A = e 3v'DEE (8.47)

= Ay(k,) = e 37DGY (8.48)

= 3T Dk (8.49)

= App(ke, k) = e 5T DK (8.50)

For the case of phase-frequency encoding, the phase gradient would result in the
attenuation factor of equation (8.49). A similar term is found for double phase
encoding (Eqn. (8.50)). The k-dependent nature of the phase-phase attenuation,
leads to blurring of sharp features of an image, but no loss of average image am-
plitude occurs since there is no attenuation at £k = 0. The blurring can be reduced
if a larger gradient is applied, thus reducing the applied time, proportionately.
The influence diffusion has for a phase-frequency encoding scheme shown in
figure 8.18 (a) is two-fold. Firstly, the same diffusive phase term is evident (Eqn.
(8.49)) as found in the phase-phase scheme. This is expected and is again reduced
if larger gradients and shorter application times are sought. Secondly, a more
dramatic effect is seen with the application of the read gradient in the presence of

diffusion where attenuation of the signal occurs when k, = 0:
A(0) = ¢~ 47 Dkmas®(NT) (8.51)

To gauge the effectiveness of the term in equation (8.51) it is useful to note that
2D ka2 (N T))is equivalent to (Aa:diff/Azpize,)z, where Az pices is the pixel width
and Azg;sy is the RMS distance diffused over the time interval NT. Thus for a
given pixel size the effect of diffusive attenuation decreases with increasing band-
width.
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8.3.2.2 Heterogeneous Systems

In the previous section it was assumed that the gradient, G, and diffusion coeffi-
cient, D, where homogeneous throughout the sample. This assumption is some-
what idealistic as demonstrated by susceptibility field offsets which vary locally
within a sample. Where these inhomogeneities are present, diffusive effects will
be strongly modulated by local fields. The relative parameters for diffusive effects
with uniform local fields were Azg;f¢/Azpizer. Providing the read and local gra-
dients’ magnitude are comparable, a superposition of these gradients can cause
site specific null points in real space. These points will cause bright features in
the image.

In contrast the phase gradients’ (Fig. 8.18 (b)) diffusive effects can be sum-
marised in a point-spread function (PSF, Eqn. (8.52)), the details of which can
be found elsewhere[107].

1 /! 3 2 = 3(‘"2
Rl = (167rDt) =
Xe—i'yls—lG"’C(r)r’t

x e~ w7 Gl (r)? e’ (8.52)

where G!°¢(r) is the local gradient at element r, to which r’ are adjacent and
t = NT/2. The main features of the PSF are a result of the diffusive attenuation
null points occurring in k£ space. This leads to the PSF containing a Gaussian
of width of order \H?Dt and a spatially modulated phase roll associated with
the local field offset. If the susceptibility-related local field causes a shift, Azycqr,
which is comparable with the pixel dimension, strong diffusive modulation may
occur depending on the relative magnitudes of local and applied gradients. In
particular when G'¢ ~ G™3%(Axg;;;/Apizer) cancellation of the image intensity

can occur.

8.3.3 Experimental Setup

The microimaging experiments described here were completed using a Bruker
AMX 300 MHz spectrometer in conjunction with a 7 T wide bore superconduct-
ing magnet. The quadrupole-target field gradient coil, described earlier in section
8.2.2.3, was used here also. The coil was positioned on a standard Bruker mi-
croimaging probe, and with the 30 A available from our current amplifiers, offered
a maximum gradient of around 6 T m~! (600 G cm~1!). This magnitude of gradient
proved more than sufficient for the imaging experiments described here.

In order to demonstrate the effects that susceptibility differences within a

sample have on NMR images, a model phantom was constructed consisting of a
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glass cylinder of 300 pm inserted in a glass tube with an inner diameter of 1600 pm.
The intervening space was filled with acetone, giving a susceptibility difference of
around 2.6 ppm.

The plant work described here used a section (leaf stem) of a geranium petiole
in which both ends were sealed with wax to prevent drying. The stem consists of an
outer epidermis layer surrounding cortex cells, typically 10 to 50 gm in diameter.
The cortex contains many intercellular airholes, typically 10um diameter, as do
the much larger parenchyma cells (40 to 50 pm diameter) in the center of the stem.
The vascular bundles contain both xylem and phloem. The stem was soaked in a
water solution containing 0.1 % (w/v) copper sulphate which had been added to

reduce T;.

8.3.4 Experimental Results

Figure 8.19 shows the ‘susceptibility phantom’ images acquired using a standard
spin-echo pulse sequence (refer Fig. 8.18 (a)) under two different acquisition band-
widths. The images have a field of view of 2.5 mm, slice thickness of 2000 pm and
a 1282 resolution. A slight asymmetric distortion of the glass cylinder is noticed
with the image collected at 10 kHz. The ‘5 kHz image’, in contrast, reveals strong
distortion with the known circular glass cylinder ‘transformed’ into an ‘arrowhead’
arrangement. The 5 kHz bandwidth corresponds to a 0.47 T m~! read gradient
with T'E being of the order of 30 ms. Both images reveal low signal-to-noise
(~ 2.5) caused by Ty, T, and diffusion effects. The latter processes are discussed
in detail in section 8.3.2, in particular the null gradient points that exist with
phase-frequency imaging. These points are clearly visible in figure 8.19 (b) where
three high intensities are located around the arrowhead.

In order to show the effectiveness of double phase encoding with regards to
avoiding susceptibility and diffusion artifacts, an image was obtained of the same
glass/acetone sample as above using the pulse sequence shown in figure 8.18 (b).
As seen in figure 8.19 (c) not only has image distortion been avoided but the
image has an apparent increase in signal-to-noise (~ 24). The reason for the
latter improvement is two-fold; firstly the image was acquired with a phase time,
ty, of 1 ms with corresponding gradient magnitude of 1.20 T m~!. Because the
influence gradients have in the phase-phase encoding scheme is simply one of image
blurring, the image has avoided diffusive attenuation from the uniform gradients.
Secondly the echo time, T'E, for this second experiment is only of the order of 10
ms. This short time has the advantage of reducing T, relaxation. In practice a
small read gradient (0.09 T m~!) is applied during the acquisition of the signal.

This was carried out to counteract the effect of small echo fluctuations, caused by
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gradient instabilities. These fluctuations were found to give rise to severe local
attenuation within the images. The read gradient has been scaled to give a slice
thickness of 2000 pm to allow direct comparison to the phase-frequency image
found in figure 8.19 (a), (b).

A similar comparison of phase-frequency and double phase encoding schemes is
shown in figure 8.20 where 128 pixel images are compared for the case of the plant
stem. The susceptibility distortion artifacts have been avoided with the phase-
frequency image (Fig. 8.20 (a)) because of the large acquisition bandwidth of 100
kHz. Again, as above, the slice thicknesses have been scaled with the geranium
images to coincide. The double phase encoding image (Fig. 8.20 (b)) again shows
an enhanced signal from the geranium stem. A similar cause to the increase in
signal for the glass/acetone experiment is given for the observation here.

As a consequence of the lack of the read gradient in the double phase encoding
pulse sequence (as depicted in Fig. 8.18 (b)) the third dimension, in the three
dimensional experiment, is frequency. If the artifacts associated with echo insta-
bilities caused by read gradient absence, as described above, are not present, the
additional frequency domain can be beneficial in selecting chemical shift species.
For example, the same 5.0 % (w/v) PEO/H,0 solution described in chapter 4,
was used to replace the acetone around the glass cylinder described earlier. A
300 Hz separation is found between the PEO and H,O protons. Double phase
encoding images, without the application of a read gradient, revealed a distinct
separation of the protons detected from the PEO polymer and that of the water.
A summation of these two chemical species is shown in figure 8.21. Note again
with these images the lack of pixel distortion and relatively good signal-to-noise
achieved.

To investigate severe diffusive attenuation caused by phase encoding in con-
junction with inhomogeneous local gradients, a glass/water susceptibility sample
was prepared with a glass cylinder and tube as before. A phase encoding time
of 50 ms was applied with corresponding image shown in figure 8.22 (a). An ad-
ditional susceptibility difference is noted with this image at the bottom-right of
the tube, manifesting itself as a high intensity region. This anomaly should be
ignored as it is caused by dust impurities within the water. Using equation (8.52),
calculated attenuated images were produced using an estimated susceptibility dif-
ference between silica glass/water of 0.7 ppm and diffusion coefficient of water of
2.5x107° m? s~!. These images are shown in figures 8.22 (b), (c) incorporating
real and imaginary components respectively. It must be noted the bright thin line
at the center of the image is a calculation artifact. Lastly, figure 8.22 (d) shows

the modulus of figures 8.22 (b) and (c). The comparison of images (a) and (d) are
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quantitatively good.
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Figure 8.19: (a) The spin echo, phase-frequency pulse sequence images were collected at
an acquisition bandwidth of 10 kHz and (b) 5 kHz. Gradient cancellation is evident with
the three high intensity points around the distorted image of the glass cylinder. (c) The
same image collected with double phase encoding shows an absence of image distortion

and a reduction in diffusive attenuation.
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Figure 8.20: (a) Phase-frequency spin echo image of a geranium stem soaked in doped
water. (b) The same stem imaged with a double phase encoding scheme.
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Figure 8.21: (a) Double phase encoding, without the application of a stabilising read
gradient, produces chemical selective images of water and (b) PEO in a PEO/H20 solu-
tion.
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Figure 8.22: (a) A phase encoding time of 50 ms ensured a comparatively large diffusive
attenuation was achieved with the glass rod/water sample. (b) The real, (c) imaginary and
(d) modulus calculations, using equation (8.52), show a promising likeness when images
(a) and (d) are compared.
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8.4 Conclusions

The production of an integrated gradient coil containing three orthogonal gradi-
ents, each producing gradients of up to 6.0 T m~!, has been achieved with the
desired homogeneity and eddy current specifications.

Large magnetic field gradients can be beneficial in eliminating susceptibility
artifacts if double phase encoding schemes are employed. The additional time
required for such an experiment can be offset with the improvement of signal-to-
noise. Diffusive artifacts can be reduced also with phase-phase encoding, providing

the applied gradients are larger than local gradients caused by inhomogeneities.



Chapter 9

Future Directions

In this chapter suggestions will be given for possible future experiments that would
complement the work presented earlier. In most cases the following suggestions
were intended to be an integral part of the study presented in this thesis, but time
restrictions prevented this. The following additional comments can be classified
into two broad categories; revisiting experiments presented in this thesis and new

experiments.

9.1 Revisiting Experiments

Experiments similar to those presented in this thesis, could be performed with
improvements which would enable additional investigations. Following is a revisi-
tation of experiments found in the various previous chapters.

Included in the velocity measurements of polyethylene oxide (PEQO) solutions
(Ch. 4) was a study investigating the center-of-mass diffusion of PEO for various
concentrations. In particular, the critical concentration, ¢*, at which the polymers
became entangled was sought. This process manifested itself as an abrupt decrease
in diffusion magnitude as the concentration was increased. A more conclusive
investigation of this ‘entanglement concentration’ could be achieved if more data
points were obtained around the 1-2 % (w/v) concentration. An ideal study could
include more diffusion data well below 1 % concentration.

The chemical selective imaging of both PEO and water (Sec. 4.2) revealed
a similar normalised signal amplitude when the sample was sheared at 30 s™!.
It may be more fruitful to search for the migration of PEO and water molecules
at larger shear rates. This study will require the use of smaller capillary pipes,
thus higher resolution images will have to be employed. These experiments could
take advantage of the quadrupole gradient coil, described in chapter 8, which will

allow a tube diameter of 1.0 mm or smaller. Close attention should be made to
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acquiring images of the boundary of the tube wall. It must be mentioned that
similar preliminary experiments have been completed but not included in this
thesis because of poor data quality.

A question arises with the rheological data presented in this thesis as to the
difference, if any, between the slip and spurt phenomena. As seen in chapter 6,
at higher flow rates the enhanced shear rate of the CPyCl/NaSal wormlike mi-
celle, close to the capillary wall, developed into a flow profile akin to the slip
phenomenon. As a result of this development, the question emerges as to whether
Xanthan gum solutions also follow a similar flow development. The slip experi-
ments, performed on Xanthan solutions, could be repeated with the emphasis of
the study toward collecting low shear rate velocity data. Perhaps an intermediate
flow behavior could be found. It must be noted that a clear difference between
the slip and spurt phenomena has been postulated in this thesis, stating bound-
ary and bulk fluid properties respectively. The low shear rate experiments would
hopefully support the above postulates.

The study of the amount of slippage of Xanthan solutions (Sec. 5.4.2), and
its dependence upon reservoir/capillary diameters, is not conclusive and requires
further velocity measurements with more W/D combinations.

The hysteresis effect of wormlike micelles, mentioned in section 2.3.2, could be
examined utilising velocity profiles in capillary geometry. Careful flow rate adjust-
ments would have to be made approaching the unstable flow rate from below and
above. Also, further analysis is needed of the behavior of CPyCl/NaSal wormlike
micelles under the influence of higher shear rates. The theory of the ‘shear band’s’
spatial increase with increasing shear rate could be verified. Again, as with the
proposed higher shear rate study of Xanthan solutions, smaller capillary pipes, in
conjunction with the quadrupole gradient coil, could be used.

Although extensive research has been completed on the echo instability of the
double phase encoding pulse sequence, further exploration is required to find the
cause for such anomalies. In particular, careful mapping of the susceptibility fields
is needed, as the orientation of the glass cylinder/acetone sample is maneuvered
from a position perpendicular to B,, to parallel. The changes to image’s attenua-
tion as a result to the rod’s orientation may prove an interesting clue to the source

of the instabilities.

9.2 New Experiments

The different rheometer geometries presented in this thesis offer a variety of stress

variations. For example, the linear variation provided with the pipe and the more
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‘gentle’ stress variation (1) observed with the cylindrical-Couette. Throughout
this thesis, various assumptions have been incorporated into the research. One
in particular is the shear rate homogeneity with the cone-and-plate rheometer.
Because of the unique orientation and cone-plate arrangement, it is postulated
that shear rate of the sample will have no radial dependence. This postulate
should be verified using careful velocity measurements of the combined cylindrical-
Couette-cone-and-plate rheometer described in section 3.4.3. Naturally measure-
ments should be concentrated on the cone-and-plate region of the rheometer.

Other geometries for rheometers should also be investigated, including exten-
sional flow. The research in this thesis has concentrated on shear type stresses
and would be complimented with further study with extensional stresses. The
rheometer could be assembled using finely bored jets, each propelling its fluid to-
ward the other. This unique arrangement would provide a topographical map of
stress components.

Finally, as mentioned in chapter 8, measurement of other order parameters,
which are sensitive to molecular alignment, would be beneficial to the studies
presented here. These include proton dipolar and deuterium quadrupolar interac-
tions which could be incorporated while the sample molecules are being subjected
to a stress or strain-controlled experiment. Again, the quadrupole gradient coil
would be useful to obtain the gradient strength required for spatial localisation of

a deuterium image.
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