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Maori Proverb

Ehara ta te tangata kai, he kai titongi kau;
engari mahi ai ia ki te wherna; tino kai, tino makona,

( Food provided by someone else is only food to be nibbled;

food produced by one's own labour on the land is good, satisfying food ).

i1



" Writing a book is an adventure. To begin with, it is a toy
and an amusement. Then it becomes a mistress, then it

becomes a master, then it becomes a tyrant. The last phase

is that just as you are about to be reconciled to your servitude,
you kill the monster and fling him about to the public .

... Sir Winston Churchill
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Abstract

Entangled high polymers in the melt or semidilute solution exhibit motion dependent on
the timescale. This motion may be characterised in terms of the " tube model " in which
the random coil polymer under investigation is enclosed in a tube formed by its
neighbours. At the shortest timescale, motion consists principally of segment
reorientation. The topology of the tube implies that some residual anisotropy will exist in

this motion3. On the next higher timescale reptative displacements around tube bends
occur, thus causing a fluctuation in the direction of residual orientation. On the longest
timescale, final correlation loss occurs by tube renewal.

T} is the relaxation time for a spin system to come to thermal equilibrium in a transverse
RF field. It is sensitive to components of the motion at the RF Larmor frequency. This
frequency is low and adjustable ( 102 to 10° Hz ) and extends the regime accessible to
Field cycling T; experiments?. T}, therefore provides access to the intermediate and long

timescale fluctuations in entangled polymers. It is a major conclusion of this work that
reptation and tube renewal effects can be directly observed.

The BPP theory of relaxation23 has been extended to Tp for three proton spins in a

methyl group. Results of a relaxation study in two polymer melt systems, namely
polydimethylsiloxane and polyethylene oxide are presented. In the latter case the results

are compared with Ty dispersions made on Polyethylene melts13. The experimental data
is seen to follow the theoretical predictions made by Kimmich3:4.
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Chapter 1 Introduction

Pawn to King four

1.1 Polymer Melt Dynamics

Molecular motion in polymer melts can be studied using NMR relaxation time
measurements to probe the spectral densities which are based on fluctuating dipolar
interactions between nuclear spins.

It has been shown! that there are two types of viscoelastic behaviour. Low molecular
mass polymers behave similar to isolated polymers and follow the predictions made by

Rouse2. The high molecular mass spectrum, however, can be separated into a high
frequency component and a low frequency component. The high frequency component is
similar to that observed in the low molecular mass polymers. The low frequency
component exists due to the effects of entanglements in polymer melts. The molecular
mass at which the characteristics of the melt change is designated the critical molecular
mass, M. . It is the topic of this thesis to study the behaviour of polymer chains of
masses higher than M, since this is the regime where entanglements occur, and it is the

effect of these entanglements which govern the overall motion.

The motion can be separated into three components3. In the shortest timescale, that of the
"local" ( and therefore molecular weight independent processes ) the motion is largely
due to segment re-orientation by diffusing local " defects " ( rotational isomers of
neighbouring segments ). This motion can be considered to correspond to the diffusion

of a particle between two reflecting barriers*> with correlation time 1.

Since the polymer chains are not able to pass through each other they are effectively
confined inside a tight-tube region ( see Fig.1-1 ).This tube which surrounds the chain is

not fixed in space but is constantly renewed as the chain diffuses throughout the tube®.
This curvilinear chain diffusion, known as a a " semi-local " process, occurs in the

intermediate timescale with correlation time 7; . The dynamics of such a process has been

studied by de Gennes’ who shows that local defect diffusion is the elementary process
which finally causes the " reptation " phenomenon; the motion is due to further segment
re-orientation by reptative displacements around bends of the tight-tube.

The centre line of the tube, called the primitive chain by Doi & Edwards®, moves
randomly forwards or backwards only along itself. The chain ends are free, therefore, to
orient themselves randomly. It is the reptative process which finally leads to the
transportation of material to and from the chain ends causing the surrounding tube to
thread itself into a new configuration. This tube renewal, a " global " process, occurs in

the largest timescale with correlation time 7, .



Fig.1-1

Schematic illustration of a chain in polymer melts.
The chain is confined to a tight tube formed by the
matrix of neighbouring chains ( circles ).



1.2 The Relationship Between NMR Relaxation Times and
the Spectral Densities

The relaxation phenomenon is caused by the fluctuating dipolar interactions arising from
the tumbling of the molecule. Although this tumbling motion is a random process it can

be characterised by a correlation time, t.. By taking the Fourier transform of the

correlatioflrfunctions the spectral densities can be obtained. If the conditions of BPP8
apply then by measuring Ty, the spin-lattice relaxation time, and Ty, the spin-spin
relaxation time, information can be gained relating to the spectral densities at the

characteristic frequencies of zero, ®g and 2wg where ®g is the Larmor precession
frequency about the main field By,

When T, is measured, the spin-lattice relaxation time in the rotating frame, it is possible
to probe the low frequency regime, while maintaining the high field sensitivity, and

extract information at the characteristic frequency 2w;, where ®; is the Larmor
precession frequency about the RF field; hence, because w; is variable, and much less
than g, this allows us to study slow semi-local and global processes, i.e motion
sensitive to 7] and 1 ( see Fig.1-2).

logJ (w)
A
'C’l
T
-]
"
B
l log ®
<
Ct)1 > 0)0
(10%t0 10° Hz) (108 Hz)

Fig.1-2
Schematic log Jg ( ® ) dispersion predicted by the reptation model of
Kimmich.



1.3 The " Tight Tube " Condition and the Polymer Melts

The motion of the internuclear vector causes the dipolar interaction to fluctuate. In a
polymer there is a hierarchy of motion with the local segmental reorientation being most
rapid and the overall molecular reorientation and centre of mass motion the slowest. If the
most rapid motion involves a total correlation loss then the slow motion cannot be
observed in the dipole relaxation process. The " tight tube " condition arises when the
rapid processes leaves a residual correlation which remains to be modulated by slow
motion. Such a residual correlation is akin to a fast local motion residual anisotropy and
is characteristic of polymers in the melt. By contrast, in the solution phase the local
motion is isotropic and no long range processes can be observed.

1.4 T4 Dispersions - The Experiments of Kimmich et al

In a series of papers Kimmich and co-workers( 3:4.9 - 12] have examined the dependence
of the NMR longitudinal relaxation time Tj on polarising field strengths, a technique
known as field-cycling spectroscopy. Their experiments yield spectral densities at 104 to
108 Hz. In this thesis we extend this frequency range down to 102 Hz using T1p
measurements. Two polymer systems are employed, namely, polydimethylsiloxane and
polyethylene oxide. In the latter case the results are compared with Tlp dispersions made

on polyethylene melts!3,
It is a major conclusion of this work that T1p measurements ( unlike Ty dispersions )

probe a sufficiently low frequency regime that reptation and tube renewal effects can be
directly observed.



Chapter 2 Basic NMR Theory

He who would learn to fly one day must first learn to
stand and walk and run and climb and dance: one cannot
fly into flying ... Nietzsche

- 2.1 Historical

In 1924 W Paulil4 suggested that the hyperfine structure of optical spectral lines is due‘to
a special property of the atomic nuclei; certain nuclei possess angular momentum and
thus, a magnetic moment.

As early as 1921 and 1924 Stern!S and Gerlachl6, directing a beam of molecules through
an inhomogeneous magnetic field, showed that various states of afomic magnetic
moments existed. These molecular beam experiments were later refined to permit the
detection of nuclear magnetic moments.

It was not until late 1945 that the first successful nuclear magnetic resonance signal was

detected at Harvard University in which a team, headed by E. Purcelll7, used a single
coil probe to detect the proton magnetic absorption signal of a piece of paraffin wax at 30
MHz. At the same time work was independently being carried out at Stanford University

in which a team, headed by F. Bloch 18, detected the magnetic induction signal from the
protons in water at 7.765 MHz using a crossed coil probe. The simplest description of
the phenomena ( Purcell et al ) is that of an absorption by the nuclear spin system of
electromagnetic energy provided by an RF generator. Because the power is transmitted
continuously the phenomenon is aptly named continuous wave nuclear magnetic
resonant absorption. This absorption can be described and detected as a change in the
quality factor Q of the resonant circuit of the ' driving system .

Another way of looking at the nuclear resonance phenomenon, proposed by F. Bloch, is
to describe it as a forced precession of the nuclear magnetisation in the applied RF field;
the effect of the precession being to induce a detectable emf in a receiving coil. In 1952
Bloch and Purcell were jointly awarded the Nobel prize for their discovery.

Continuous wave NMR is simple and inexpensive. It is used to obtain a multi-line
spectrum characterised by chemical shifts and coupling constants. These spectra are
widely used in Chemistry and, in particular, Organic Chemistry where they have
revolutionised techniques in determining structure.

A totally different approach originated at the same time as continuous wave NMR but this

method was more efficient and had greater sensitivity. In 1946 Bloch et al1% had already
proposed pulsed NMR. The RF field exciting the nuclear sample is no longer continuous

but now a short pulse. This technique was pioneered theoretically by Torrey20 and

practically by Hahn2! as well as Ernst and Anderson?2. In the pulse technique data is
acquired in the time domain rather than the frequency domain and hence the method is
useful for studying time dependent processes such as chemical exchange, molecular
diffusion and, as is the work of this thesis, molecular motion.

Thus, having briefly traced the history of NMR and its application to molecular motion,
the next section of this chapter considers basic NMR theory from a quantum mechanical
point of view.



2.2 NMR Theoty
~2.2.1 Nuclear Magnetism

We start by simply considering a system of N nuclei in a magnetic field B, applied
traditionally along the z axis, and define a general state for each nuclei to be

[¥>=ZXay|jm> (2.1)

mj

where j = Total angular momentum quantum number ( can be any half integral value )
m; = Azimuthal or magnetic quantum number whose values range from -j to j

ap; = Complex admixture amplitudes
| j m; > = Basis set of eigenvectors

The result of making a measurement on the system is to place each nuclei into a specific

state denoted by ap; | j m;>. One such measurement that could be made is the energy of
each state that develops after applying the magnetic field Bg. This is called the Zeeman
energy and is given by

E( my ) = —mj’YhBo (2.2)

where ¥ is the gyromagnetic ratio and depends on the specific nuclei and f is Plancks
constant divided by 27 .

It is of particular interest to concentrate on spin 1/2 nuclei since all measurements in this

work were carried out using proton NMR. Hence for y> 0 the m; = 1/2 state has the

higher energy and the energy difference between the two states, as illustrated in Fig.2-1,
is

AE = 1/244B, - ( -1/2 )YiB,

= YiBy (2.3)
mj =-1/2 7y N
YhB,
mj =+ 1/2 y N,
Fig.2-1

The energy level separation in a spin 1/2 system.



Note that the population difference N, - N_ is given by Boltzmann as

N, -N_=exp(AE/kT) (24)

where k is the Boltzmann constant and T is the temperature. ( The density of our system
is assumed to be low enough for the particles to be non-interacting and so Fermi-Dirac
and Bose-Einstein statistics need not apply ).

The energy Hamiltonian for the B field is defined to be

H=-yBol, . (2.5)

where J,, is the spin magnetisation along the z axis. Comparing Eq.( 2.5 ) with the semi-
classical energy

E=-u.B (2.62)

= -l,.Bg (2.6b)
identifies yJ, with the z magnetisation ,. Hence

=7, (2.7)

Now,
Hly>=E(my)|y> (2.8)

Thus the result of measuring the energy of the system is to place each nuclei into an
energy eigenstate | j m; > with its corresponding energy eigenvalue E(m; ).

2.2.2 Precession

The question naturally arises " how is the state | ¥ > affected by time ? ". For example if

we begin at time t = 0 with | Y(0) > what will | ¥(t)>, the final state, be after a time t ?
The evolution operator Ug( t ) is defined such that

[ W(t)>=Ug(t)|¥(t)> (2.9)

where
Ug(t) =exp-(i/h) #f. (2.10)



Ug(t) obeys the Schrodinger equation
i0Ug(t)/ot=HUg(t). (2.11)

Inserting the energy Hamiltonian of Eq.( 2.5 ) into Eq.(2.10 ) gives for the evolution
operator

Ug(t)=exp-(i/h) 7

=exp -(i/h ) YBgl,t. (2.12)
We introduce the rotation operator

Ugrz(0) = exp i/h 6, (2.13)

Eq.(2.13 ) describes a rotation 0 about the z axis. So then comparing Eq.( 2.12 ) with
that of Eq.( 2.13 ) it is seen that Ug( t) is equivalent with Ug7( 6 ) if

6 =Bt (2.14)
or CD()=YBO (2.15)

In other words our initial state | ¥(0) > will rotate about the z axis at the Larmor
frequency given by wq =YB so that at any later time t

[ ¥(t)>=Ug(t)|¥(0)>

=Urz(0)|¥(0)>. (2.16)

Consider a simple NMR experiment whereby a sample of water, say, has been placed in a
magnetic field B along the z axis and a sufficient amount of time has elapsed for the

system to be in thermal equilibrium. The ensemble of spins will have developed a
magnetisation My directed along z. The next section will consider M in more detail but

for now we only need be concerned that My does not appear immediately but takes a
finite time to ' grow ' to its thermal equilibrium value. Now apply an RF pulse about the x
axis such that M is rotated by 90° see Fig.2-2. It is important that the 90° flip-time tgq is

very much less than the time for the ensemble of spins to relax to M.



Fig.2-2
The rotation of M, = My into the x-y plane in time tgq.

According to our evolution operator Mg should now rotate about z indefinitely. However,
in the presence of T and T, processes ( e.g magnetic field inhomogeneities, dipolar

interactions ) the motion, instead of rotating, subsequently precesses about z in a manner
such that the magnetisation relaxes to its thermal equilibrium value My along z. This

process occurs with a characteristic time aptly named the T relaxation time. Other names
include the spin-lattice relaxation time and the 10ng1tud1na1 relaxauon time both of for

which the names shall become clearer a little later in this chapter.
2.2.3 The Density Matrix

In this section we define the density matrix p. The density matrix contains all the
information necessary for the description of a statistical ensemble of identical spins. In
particular, the predicted value of any observable A of the system is given by the equation

<A>=Tr(pA) (2.17)

We will now use Eq.( 2.17 ) to find the thermal equilibrium magnetisation Mg of an
ensemble of spins with angular momentum quantum number j in a magnetic field B

along the z axis ( this problem was originally solved by Brillouin ). If the spins are
widely separated so that no spin-spin interactions are involved then the energy
Hamiltonian as given by Eq.(2.5) is

5= By,
The density matrix in thermal equilibrium is

p={exp-H/KT }/{ Tr (exp-H/KkT)} (2.18)
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Using Eq.(2.17 ) ,the ensemble average of the magnetisation < i, > is

<E>=Tr(puz) (2.19)

but from Eq.(2.18 ) then
(2.20)

<p,>= Tr { Y, [ 1+ (yBg/KT)J, +(YBg/kT)2J2+..1} /(2j+1)

now
Tr(1)=2j+1 (221a)
Tr(J,)=0 (2:21b)
Tr (JA2)=(1/3)j(j+1) (2.21¢)

wherefore it can be seen that in the high temperature approximation (H.T.A ) and for N
spins per unit volume then

Mpy=N <E>
= Ny2j(j + 1)Bg / 3kT. (2.22)
or
M,Q = GBG / TS ( 2.23 )

Eq.(2.23 ) is Curies law for paramagnetism where c is the Curie constant, and T is the
spin temperature.

2.2.4 The Bloch Equations and Relaxation Times

Having just described the thermal equilibrium magnetisation My and the idea of
precession we are now placed in a position to better ( more intuitively ) understand the
Bloch equations. These are as follows:

dM, /dt=y(MxB), + (My-M,)/T; (2.24a)

de,y /dt=y(M XB)x,y - MX,y [Ty (2.24b)

Bloch intended, with these phenomenological equations, to describe the motion of the
macroscopic magnetisation M. As can be seen the first term describes precession while

the second term, relaxation. Bloch assumed that the internal interaction of spins with each
other could be expressed by the equation

My y/dt=-M,y/Ty (2.25)
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Eq.( 2.25 ) defines the parameter Ty. This is the so-called transverse or spin-spin

relaxation time. Eq.( 2.25 ) describes an exponential decay to zero of the magnetisation.
This exponential decay as shown in Fig.2-3 occurs in the laboratory frame with a time

constant of T».

M, (t) =Myq sin wgt. exp (-t/Ty) (2.26)

' AAAAquAAA‘ -

v
My (t)=Mygcos myt exp (-t/Tp)
My (t)
A
JVVVVVVV&X& >t
A\

Fig.2-3
Exponential decays of M, and My with time constant To.

In the rotating frame where w( = YB( the transverse component M, is created at t = 0.
What then causes it to decay ? It is the dipolar interactions between adjacent nuclei which
produce a range of resonant frequencies causing a dephasing of the nuclear magnetic
moment. This results in a reduction of the transverse magnetisation but note however that

no energy is lost; it is simply re-distributed among the spins23.
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Just as Eq.( 2.25 ) defines T, in likewise fashion the equation

OM, /dt=(My-M,)/T; (2.28)

defines the parameter Ty to be the time constant of the exponential approach of M, to its
thermal equilibrium value M. This is the so-called longitudinal or spin-spin relaxation
time. In the laboratory frame the magnetisation M, appears as shown in Fig.2-4.

M,(t)=My{1-2exp(-t/Ty)} (2.29)
M, (t)
4
Bt
v
rig.2-4

Exponential decay of M, with time constant Ty.

Transvese components of the external field oscillating at the Larmor frequency cause a
dephasing of the longitudinal magnetisation. Unlike T, processes, this results in a
reduction of the net spin energy by energy exchange with the surrounding medium made
up of all rotational, vibrational and translational motions - collectively ( and for historical
reasons ) called the lattice. Although a single time constant does not always describe
adequately the trend of nuclear spins towards the equilibrium with the lattice, such a
constant is usually introduced to give the time scale of the process.
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2.2.5 The Density Matrix Description of State Populations

For our spin 1/2 system, at time zero the populations of each state can be given by the
density matrix as

laipl?2  appagp”

Po= ( 2.30 )
al/za_l/z* I 3._1/2' 2
P12 0
= (2.31)
0 P-1/2

The diagonal terms give the population in the corresponding eigenstate and the off-
diagonal terms are related to the coherence between the states. | aip |2 and | a.1p |2 are
the relative probabilities pyj and p.jpp of finding each spin in the state + 1/2 or - 1/2

respectively, often called the relative populations. The off-diagonal elements of po being

zero  corresponds to phase incoherence. This is due to the even distribution of the
azimuthal phase angle of the precessing nuclei in the transverse plane ( see Fig.2-5 ).

Fig.2-5
Schematic illustrating both phase coherence ( leftmost figure ) and phase incoherence
( rightmost figure )} of a two-spin system given by the off-diagonal elements of the
density matrix.
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At any later time t then

pip-lagpl2e VTt lajpa pl e VT2

(2.32)

layp*aipl e VT2 pap-lagpl2e T

p(t)=

Hence the diagonal terms show that the spin system relaxes to its thermal equilibrium
value at the rate T;"!. The off-diagonal elements show that the transverse components

decay to zero at the rate Ty1,

2.3 NMR Observableé’

Throughout this chapter we have illustrated the theory using the macroscopic
magnetisation M. Because this is our NMR observable we hereby make the definition

M, =Ny<I, > (2.33a)
My =Ny<Ty> (2.33b)
M, =Ny<T,> (2.33¢)

and M=Ny{<T >i+ <_j; > j +<7J, >k } where N is the number of spins per unit
volume.

2.4 Description of NM

I"J L EE W

2.4.1 Single 90° Pulse

It was previously mentioned that a simple NMR experiment consists firstly of turning the
magnetisation M, = M through 90° until it comes to lie in the x-y plane. This is achieved
by applying a single 90° pulse defined to be a transverse RF pulse of magnitude B in the

rotating frame at g = yB which acts for a time tgq such that YBitgg = n/2. If By is
stationary in the x' direction ( the prime denotes the rotating frame ) then M, = My
precesses about Bj at w; = yB until at time tgg = /2 YB; it is pointing in the y'
direction. '

The pulsed RF field that produces the 90° rotation of M, in the rotating frame must act in
the presence of T; and T, processes, consequently the 90° nutation of My is only an

approximate description of what happens. So how good an approximation is it ? If the
major torque on the magnetisation is to be from B during 0 <t < tg(, then the relaxation

towards By (in time T ) and the dephasing of the transverse magnetisation ( in time Ty )
must not be important compared with the precession about B during tgg << Ty < Ty. The

requirement on By is thus (7t /2yBy ) << T or

YB1>>n/2T, (2.34)
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This is the same as saying that we must assume ( plausibly ) B to be much greater than
any internal fields or external field inhomogeneity described by T,. The 90° pulse time

for the JEOL FX60 ( the spectrometer used in the present work ) was tgg ~ 14pts for low
B fields and T, was the order of ms.The pulse sequence is given in Fig.2-6.

n .
> Pulse

90

Fig.2-6
/2 RF pulse sequence.

2.4.2 Spin-locking

A single 90° pulse is applied. However instead of turning off the RF field at tgq it is
phase shifted by 90° in the laboratory frame so that B is brought to lie along My in the
rotating frame. When the RF field is applied exactly on resonance the magnetisation M) in
the rotating frame experiences B;. The small field B is now analogous to By in the
laboratory frame and M is said to be spin-locked to B1. Hence, My relaxes along By to a
much smaller equilibrium value given by M = cB; / T, with an exponential time constant

Typ (Ty in the rotating frame; see Fig.2-7).

Note that the temperature is now that of the lattice and so the spin system has cooled.
Relaxation back to Mg along z occurs in the time taken for the system to ' warm up '

again to a spin temperature Ty ( the concept of the temperatures T, and Tg will be looked
at again in chapter three ).

A measurement is made by turning off the RF field after a suitable spin-locking period
and monitoring the height of the resulting F.1.D.Thus, the T1p pulse sequence is as shown

in Fig.2-8.

..7%_ Pulse Spin-locking pulse.
T~ 2]
~~~~~~~~ F.I.D
£
0 tog

Fig.2-8 Spin-locking RF pulse sequence.



x — laboratory frame
AMO x' — rotating frame

t=0
Bl y'
XI
zl
t=t90
B1 M,
B v
Zl
T, < Tlp < T2 t>> Tlp
BI
i y'
//M= cBy/ TL
Xl
Fig.2-7 -

In the rotating frame, B1 becomes analogous to Bo’
Consequently M0 relaxes along B; with a time
constant Ty, .

16
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It should be noted that Ty, approaches T as @; — 0. However, this can never be
achieved in practice because w; must be sufficiently large so as to satisfy the Redfield
condition24 which states that experimentally we are limited to RF field intensities
corresponding to @ comparable with or greater than the resonance linewidth.

2.4.3 Spin-echoes

Because of the finite size of the sample each nucleus experiences a slightly different main
magnetic field By and therefore precesses either slightly faster or slower than the mean.

This results in an unwanted contribution 1/T5' to the natural relaxation rate 1/T5 and thus
the observed value can be written as

1/Ty*=1/Ty' +1/ T, (235)

It is possible to reverse this inhomogeneous dephasing and produce what is known as a
spin-echo ( devised by Carr-Purcell ).After a time T apply a 1800 x - The echo will

therefore form at time 2t. The Carr-Purcell pulse sequence for a spin echo is shown
together with the nuclear signal in Fig.2-9. This sequence is useful for measuring rapid
Ty decays.

The Carr-Purcell Train.

After the first echo, successive refocusing of the signal can be achieved resulting in a
Carr-Purcell train. If a chain of puises is applied at times ( 2n + 1 )t then the chain of
echoes will be formed at times ( 2n + 2 )t with their amplitudes decaying as T,. This will
happen provided:

(a) 7t is kept short enough ( as must be the case in the Carr-Purcell spin echo pulse
sequence )  so as to prevent significant diffusion occurring between pulses since this

would inhibit echo formation.
('b) The RF pulses are homogeneous.

The problem of RF inhomogeneity can be overcome by using phase shifted pulses. This
is the Carr-Purcell-Meiboom-Gill ( CPMG ) sequence:

900l - T - 1800] y -- 27 -- 180°] - 2¢ -- 1800 ,.
The CPMG pulse sequence thus enables the measurement of much longer T decays. The

spin echo will refocus all of the Zeeman interaction. The interested reader is referred to
appendix A.



i i

(+]

90|

180 lx

time T

time 27

180 lx

T 2t

Fig.2-9
The Carr-Purcell spin echo which refocuses
M o after dephasing occurs due to magnetic
field inhomogeneities.

18
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Chapter 3 Theory of Relaxation

When I do count the clock that tells the time
.. William Shakespeare

3.1 Introduction

This chapter considers in detail the derivation of formulae for T and Ty,. The procedure
follows that of Look and Lowe?23 and the results obtained will be seen to contain an
admixture of spectral densities evaluated at the characteristic frequencies 2wy, g, 2 as
pointed out in chapter one.

3.1.1 The Assumption of a Spin Temperature
The starting point is to consider a system of N spins which is able to be described by a
spin temperature Tg. For the spin system to be in thermodynamic equilibrium and

describable by T, it is required that, for any pair of levels separated in energy by AE, the

ratio of the spin populations be determined by the Boltzmann factor exp[ - AE / kT ].

When dealing with a spin 1/2 system the description by a spin temperature is always
valid, however for systems having spins > 1/2 this description can only be used as long
as To << Ty. As long as this condition exists the system of N spins interacts within itself

more strongly than with the lattice and so will come to internal equilibrium more rapidly

11l e 4 o PYYSon

than it will come to u.iumuuuux with the lattice.

The population py,, of the nth energy level, which is often given by the element p,, of the
density matrix is

Pn=Pnn=(1/Z) exp[ - E;/kT]
=(1/Z) exp[ - BE,;] (3.1)

where B =1/kT and Z =X exp[ - BE, 1.
n

Let Wy, be the probability per unit time that a transition is induced between the quantum
levels |n>and|m > by interaction with the reservoir. Then the rate of change of the
spin population, P, of the level | m > is due to all the contributions from the other

levels minus the contribution of | m > to the other levels, or more succinctly,

Prum = Z ( gain from | n > - loss from | m > ) (3.2)
n#m

Thus the relaxation master equation for the diagonal elements of the density matrix ( i.e
spin populations ) is20
Pmm =Z (PunWnm - PmmWmn) (3.3)
n#m
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3.1.2 Consideration of the Reservoir from an Energy Viewpoint
In order for the spin system to undergo a transition between energy levels I n > and | m >

the reservoir must necessarily undergo the reverse transition between its corresponding
levels | N > and | M > respectively. Fig.3-1 illustrates this

In>,E, IN>, Ey

'trlm> s E m IM> s E
Spin system Reservoir

E, — E, requires a transition EM——> EN
Likewise ~Ep — E, requiresatransition By — By

Fig.3-1
Schematic showing the energy coupling between the Spin system and the Reservoir.

This can be seen, for example, in a two-spin system whereby the spins in the higher

energy state | -1/2 > must give up a certain amount of energy, yBy, to the lattice in order
to align themselves with the magnetic field ( Fig.3-2 ).

i

__'> YBO Bo

] s

Fig.3-2

The Spin system must exchange energy with the Reservoir in order to align the
higher energy spins with the main magnetic field Bg.
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Hence, for general levels | n > and | m > then Wy, / W, must have the ratio of the

density of states in the reservoir ( as required by the fact that the system left to itself will
come to thermal equilibrium and the principle of detailed balancing ); that is

Winn/ Wnm = exp[ ',BL( En-Em)l
= exp[ -BL(Ey-Ep)l (3.4)

where B = 1/kTp, and Ty is the reservoir ( lattice ) temperature. Cornbmmg Eq.(3.3)
with Eq.(3.4) yields

{)mm =Z { Pnn - PmmeXPL -BCEq - En )l } Wi (3.5)
n#m

3.1.3 Derivation of Hebel-Slichter Expression for T+

The groundwork just covered will prove useful in obtaining the general relation of Hebel
and Slichter?’ giving the spin-lattice relaxation time T; for systems maintaining a spin
temperature, which is derived as follows:

We find df3 / dt using

d<E>/dt=(d<E>/

(D
)
N
o~

{2
a0

S~

[

=
N
-~

w

@)
N

Now

d<E>/dt=d/dt[Z pmmEm]
m

=zfsrnmE
m

=2Z[ X pnnwnm'pmmwmn]Em
m n#m

=2 PonWom - Pmm Wmn ] Em (3.7)
m,n

Note that a more symmetrical form can be defined as follows since also

d<E>/dt=2[ pmm Wmn - Pnn Wnm 1 En
m,n

=- 2[ Pon Wam - Pmm Wmn 1 En (3.8)
m,n
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= d<E>/dt=122[ ppnWom - P Winn 1 LEm - En]l  (3.9)

m,n
(3.10)
=1/2Z Wiy Pan [ 1-exp(B - BL)(Eq-En) 1[Ep - Byl
m,n
using Pmm/ Pon = €xp B(Ep - Ey ). Now
<E>=1/ZZEpexp(-BEy) .. (=2 PmmEm) C(3.11)

m

and Z=X[1-BEy + (BEy /2! )2+...]. If we restrict ourselves to high temperatures

m
then Z can be approximated by
Z=Z,=%(1-PBEy) (3.12)
m

and Tr (Z) =Tr (Z., ) = 21 + 1. Thus differentiating Eq.( 3.11 ) with respect to B gives

d<E>/dP=- 1/Z, S Ep2exp( - BE,,)
m

= - 1/Z,, T Ep? (3.13)
m

So under the high temperature approximation ( H.T.A )

d<E>/dt=1/22 Wy paal (BL- B)( Epn- Em)(Eg-Ep) ]
m,n

=-1/2Z W Pon (BL - B)(E, - Epy )2
m,n

”"l/zzwmn(En‘Em)z(BL‘B)/Zoo (3.14)
m,n

Therefore dB /dt = By - B/ Ty where

1/T;=[1/2 % Wym(Eq - B )21/ 2 B2 (3.15)

m,n m



23

It should be noted that [ relaxes exponentially to Bj. Also the assumption of a spin
temperature forces the system to relax with a single exponential. Eq.( 3.15 ) is the Hebel-

Slichter?’ expression for T; and provides for us the stepping stone to attaining general
formulae for Ty and Ty, to which the next section is hereby devoted to in detail.

3.2 Derivation of the Spin-lattice Relaxation Times

3.2.1 Relaxation along the Static Field

Fig.3-3 shows two spins i and j subject to a main magnetic field B(. Let the direction of

B define the z-axis of a spherical polar co-ordinate system with 6 and ¢;; denoting the
usual polar and azimuthal angles respectively of the internuclear vector 1;j between the

two spins.

ABO

j

Fig.3-3
The geometry for two spins i and j subject to a main magnetic field Bg.

In computing the spin-lattice relaxation time T along the static magnetic field B the
zeroth order Hamiltonian is assumed to be

Hy=-yhBy T I (3.16)
i
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The perturbing Hamiltonian is made up from the sum of the dipole-dipole interactions
between pairs of spins and is given in Cartesian co-ordinates by28

Hy=(yh)2 {[3(Ilr)(2r)/5] - [ILI2/13] ) (3.17)

with < | Hy| > much greater than < | #H; | >. Expressing # into spherical-polar co-
ordinates gives?? ‘

7y = ()2 2 (Ajj+ Bij+ Cyj+ Dy + By + Fy) (3.18)
i
where
(3.19)
Ajj=1;3(1-3c0s26;;) ilyy  (Am=0)
Bjj=-1/4 ;3 (1-3cos 26;) (LIiLi + LiLi)  (Am=0)

Dj;= G (Am=-1)
Bjj = -3/4 13 sin 2 6 exp( -i20;5) LILJ  (Am=2)

Fj; =

i El+

if (Am=-2)

where the dagger denotes the Hermitian conjugate and I,J and L are the usual raising and

lowering operators, respectively, for eigenfunctions of LJ. The reader should note that
each of the terms above is the product of a spatial operator and a spin operator. Also

because of the relative motion of the nuclei the rj;, 6;; and ¢;; are all time dependent and
thus 7] has the form?2>

Hi(t) =3 H, % (t) H (3.20)
(04

where the subscripts r and s refer to the spatial and spin operators respectively and o =
Ajj, Byj» Gyj» D> Ejj and Fy;is summed over all i and j. It should also be pointed out that
only terms where off-diagonal elements appear in the product of the spin operators are
involved in causing transitions (i.e. those with Am # 0 ). Thus the terms Cj;, Dy;, Ej;
and Fj; are important and in this regard form the selection rules for transitions. The terms

with Am = 0 are time independent and leave the energy unchanged.

In chapter two, Eq.( 2.1 ) defined a general state | ¥ > to be | ¥ > = X a | m >. If the
complex admixture amplitudes are now considered to be time dependent then

|W>=Sap,(t)exp(-iByt)l m> (3.21)
m
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By writing down the Schrodinger equation

(1/ih)o|¥>/ot=(FHy+ 74) |'¥> (3.22)

then from first order perturbation theory it can easily be shown that

b =(1AR) S <ml#(t)1n> ay expl i O - @g)t] (3.23)
n#m

~(1/ifi) T<mlZ(t)In> exp[i( Op- op)t] (3.24)
o+ m

if a, = 1 and a,, = O for all time. This approximation, as Bloembergen, Purcell and
Pound point out, is only valid for slow relaxation; i.e.,

1/Ty<<(y8)2/13 (3.25)
which is approximately 200 kHz for this work. Upon integrating Eq.( 3.24 ) we get

t
am=(1/if) ] <m!24(t)In> exp[iwpyt ]dt 1 (3.26)
0

AAAAA

can now proceed to obtain Wy,; hence30
Win = dPp / dt = d/dt (agan®)
= ay, (dap,* /dt) + complex conjugate (c.c) (3.27)

Therefore
t

Wmnz(l/ﬁz) J <nl#A(t)Im><mlIH(t)In> exp[i®p(t- t)]dt
+ c.C 0
(3.28)
Lett - t=1. Then dt' = dt. Thus
0
Wrn=(1/A2) [ <nl #(t)Im><ml #(t+1)In> exp[i®p,(T)]dt
+c.c -t

(3.29)

The limits on the integral of the complex conjugate will range from 0 to t and so the total
range integrated over will be -t to t. Letting the limits then tend to infinity and allowing
that #H)( t) is stationary, gives
oo (3.30)
Won=(1/62) [ <nla(t)Im><ml2(t+1)n> exp[imy,T JdT,y

hadie =
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Inserting the #(t) of Eq.(3.20) into Eq.( 3.30 ) yields

Won=(1/h2) & [ #,%(t) H,% (t+1)] exp[i Opngt]dTay
o, %o
X <nl #H &l m><ml . In> (3.31)
Therefore25
Won=(1/h2) T { ] G;,%(t, ) exp[-iwp,t 1dt}
a0 -0
x <nl #&lm><ml H® In> (3.32)

where G1,%*(t, T ), a correlation function is defined by

G2 (t,t)=< 7,2 (1) }ﬁra'(t+T)> (3.33)

For stationary random processes Glraa’( t, T ) is independent of t and so becomes
G1,%*'( T ). Since we are assuming that < !—.}—16 | > is much greater than < 17[_1 | > then the
energy difference E, - E,, depends only upon #,* and not upon the spin states | n > and
| m >. Then letting the energy difference Ej, - E, = ho®, we can define our spectral
density by

I % (%) = | G@(1) exp[ -0 ] dt (3.34)

-0

and so W, then becomes?25

W= 1/M22  J,%%(0%) <nl #&Im><ml 24> In> (3.35)

1
o,0

Thus inserting the Wy, of Eq.( 3.35 ) into the Hebel-Slichter formula of Eq.(3.15 ) and
using E;, = <m | #; | m > we find,

1/Ty=(1/262) £ I, 9% w%) { Z <nl 2% m><ml #* In>
o, m,n
(3.36)
x[<nlHyIn>2 - 2<nlsyin><mlsim> + <mlsHlm>2] }/

p <m!7~@!m>2
m
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= (1/202) T J;,%%(0%) Z{Z(
<nl HOlm><mlHylm><mlsylm><ml 7% In>
+ <nl%ln><ﬁnl H®*Im><ml }[Isa,ln><nl%ln>

(3.37)
- <nl#pyin><nl MO Im><mlHylm><ml 24 In>

- <nl @ Im><ml#ylm><ml #* In><nlsin>) } /

T <mlHlm>2
m

By arranging the terms in the above order one can easily see that the relaxation rate can
now be written more succinctly as2d

1/Ty=(1/202) { -2 J,20( @) Tr ([ Hy, Hi*1 [ Hy, #s1) }/
Tr Hy? a,o
(3.38)
where Tr means trace or sum over the diagonal matrix elements. At this stage it is

important to realise that the identity matrix Dis present since, for example, the Zeeman
Hamiltonian can be written as-

Hy = - hBol,! # (3.39)
and as seen in chapter two the Tr ( ) =2I + 1 and so
Tr (%) = (¥1B )2 Tr [ (I1)2] Tr ( A)
= (YhB)2 (1/3)I1(I+1)(21+1)2 (3.40)

The evaluation of the traces is straightforward and is shown below for o corresponding
to Cj;. (Refer to Eq.(3.19)).

Cjj=-(3/2) o5 (LILJ + LiLJ) (3.41)

where cj; = 1;;73 sin6j;c056;; exp( -i¢;; ). Then

[ Hy, His® 1= (YiBg) [ L1, LilJ + LiLJ]
=(¥hBg) { L[ LI, 1J] + [ Li, L] L}

= (YhBg) (I LJ + L1 LJ) (3.42)
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where we have made use of the relationships

L=I+il (3.432)
[L.L =il (3.43b)
[1,I,]=-1, (3.43¢)

Then [ #y , #;* ] can be written down directly as

[, 5% 1= (Y8Bo) (LI LJ + LiLJ) (3.44)

since this must be the case so as to bring Eq.( 4.42 ) back to a diagonal matrix. This
gives for our trace then,

Tr ( [ %, #1*] [ Hy, 4% 1) =2 Tr { (L1)21J 1))
=2(1B3)I(I+1)(2+1)x(23)T(I+1)(21+1) (345)

Finally then, when all the factors have been brought together, the spin-lattice relaxation
rate for N spins becomes

1/Ty=v"h2{31(I1+1)/2N} Z[K;D (wg) + K@ (2a9) ]
i (3.46)
where we make the definitions
KiiD(0)=1/2fexp (-iwt) [<cjj () ¢*(0)>+c.c] (347a)
Kij®@ (0)=1/2Jexp (-iwt) [<ej (1) e*(0)>+c.c] (3.47b)

For a pair of spins where N = 2 then3!
1/T1=32 Y021 (1+1) [T (wy) + T (2wg)] (3.48)

This shows the dependence of T; upon the spectral densities evaluated at the
characteristic frequencies g and 2ay.
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3.2.2 Relaxation along the Rotating Field

In order to calculate the relaxation time along the rotating field Ty, it is necessary to

assume that the interactions within the spin system are strong enough so that a
temperature is maintained within the spin system at all times ( in the rotating frame ) and
that the effect of the spin-lattice interaction is to change this temperature slowly until an
equilibrium value is reached.( The reason why the system behaves as if it were
proceeding toward equilibrium in the rotating frame is because the Hamiltonian is less

time dependent in such a frame?24 ). The spins and the lattice in the laboratory frame are
two ordinary thermodynamic systems and that clearly when their temperatures are equal

then an equilibrium between them will exist; however, as pointed out by Abragam32, no
such simple predictions can now be made because the spin and lattice temperatures in the
present problem are now defined in two different frames of reference. The transformation
to the rotating frame involves the use of the operator

S =exp (imgt Z1,1) (3.49)
i
and

HT=S HS1 + ih S-1(9S/at) (3.50)

where AT is the Hamiltonian in the rotating frame. By inserting the #{ and % of the
Eq.(3.16 ) and Eq.( 3.18 ) respectively we get

T — - AER, DT 0
E4) H 1

=R

~
(R
(N
Pk
Nt

i

HE= ’}’zhz ) Aij + Bij +exp (imgt ) Cij + exp (-iwgt ) Dij + exp ( Ziwgt ) Eij
i<j
+exp (-2iogt) Fyj ] (3.52)
The result of the dipolar interaction terms of Eq.( 3.52 ) being multiplied by coherent time
dependent interaction terms is simply a shift of their frequency spectrums. Their general
stochastic nature is left unchanged and can be inserted into Eq.( 3.46 ) as our perturbative
terms yielding,
1/Trp=vh2 {30(1+1)/2N ) x Z[52 KM (wg) + 1/4 K@ (2a9)
1#]
+ 1/4 Kij(o) (2071)] (3.53)

where the Kj(D () and Kij(z) ( @) are defined in Eq.( 3.47 ) and

K@ (@) =1/2[ exp (dot) [ <bjj(t) bj* (0)>+cc] (3.54)

—00

Typ then has the further dependence on the low frequency .
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For N =2 then

1/Typ= 322 I(I+1)[1/435(201) + 5211 (wg) + 1/4T5 (20¢) ]
(3.55)

The relaxation times T and Ty, have been calculated for N = 2 spin systems. The next
section deals with the problem of the 3-spin methyl group CHjs present in the PDMS
chain,

[Si(CHz), 01,
3.3 The Problem of the Rotating Methyl Group

3.3.1 General

As mentioned in the previous section the formula for Ty, is valid for a two-spin system.
This section will show how the three-spin methyl group CH3 present in the PDMS chain
can in fact behave as a two-spin system comprised of two protons coupled together. This
problem has been treated by Stejskal and Gutowsky33 for T and T, relaxation involving
the J; and J spectral densities. It is extended here for Ty, by obtaining the Jj term.

The expressions for both Ty and Ty, are based on the spatial operators

Fo(t)=(1-3cos20)/13 (3.56a)
F; (t) = sinBcosd exp(i¢p ) /13 (3.56b)
F, (t) = sin20 exp( 2i$ ) / 3 (3.56¢c)

where 0 and ¢ denote the usual polar and azimuthal angles respectively of the internuclear
vector r between the two spins, ( see Fig.3-3 ), and

Jo( ) =] exp(-iwn) Fy(t).Fy* (t+1)ds (3.57a)

_— 00

Ji(@)=fexp(-iwt) Fy (t).F*(t+1)dt (3.57b)

-_ 00

Jo(@)=]fexp(-it) Fy (t).Fy* (t+1)dt (3.57¢)

— OO
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The geometry for the CH3 methyl group is as follows in Fig.3-4.

Methyl bond.

This group rapidly rotates due to quantum tunnelling as pointed out by Stejskal and

Gutowsky33. Adding the relaxation effects of each proton separately is unwarranted.
Instead, each proton must be assumed to interact with the other two protons in a manner
that the motion of these protons is correlated .

A new axis system has been defined in which two azimuthal angles are now involved.
The angle B for rotation about the methyl bond and the angle vy for rotation about the
magnetic field. The H! - H! internuclear vectors lie in the plane of the equilateral triangle
shown in Fig.3-4. At some arbitrary angle [, the orientation of one of the internuclear
vectors can be represented by a radius r from the point where r makes an angle 3 with OX
where XYZ form an orthogonal axis set and . is given in the YZ plane ( see Fig.3-5).

Consider then the picture in the YZ plane. Note that r makes an angle 6 with the vertical
and so has a vertical component r cos6; then referring to Fig.3-6,

r cosB =r sinfcos( w2 - o )

=r sinfsino. (3.58)
Therefore,

cost = sinPsina. (3.59)
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Fig.3-5
Schematic illustrating the new axis system for the CHz methyl group.

1COSH

Fig.3-6
The geometry for the CHy methyl group shown in the y-z plane.
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Consider the picture in the plane normal to z ( see Fig.3-7 ),

X
Fig.3-7
The geometry for the CHg methyl group shown in the plane normal to z.
then,
cosd = cosf / sinb (3.60)
and
sing = cosasinf} / sinf (3.61)

. In fact the additional azimuthal angle y must be added to ¢. Following Stejskal and

Gutowsky33 we may write down the spatial operators Fo (t), Fy (t) and F, (t) for
two spins in the XY plane as

Fo(t)=1/r3(1-3cos26)
= 1/r3 (1 - 3sin2B.sin%0. ) (3.62a)
Fy (t)=1/r3 [ exp( iy ) ] sinbcosd

=1/r3 [ exp i(y+ ¢ )] sinBsinPsina (3.62b)

Fy (t)= 1/r3 [ exp( 2id,q) ] sin20 (3.62¢)
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Making use of the identities
exp 10 = (cosP / sin6 ) + 1 ( cosasin / sin6 ) (3.63a)
exp 2i¢ = [ (cosP /sin® ) +i ( cosasinp / sin ) 12 (3.63b)
yields
Fo(t)=1/r3 (1 - 38in2Bsina,) (3.642)

Fy (t) =1/4r3 [ exp(iy) ] ( 2sinaisin2f - 2isin2ccos2P + 2isin2at) ( 3.64b )

F, (t) = 1/2r3 [ exp( 2iy) ][ 2icososin2P + ( 1 + cos2a )cos2P + sinc ]
(3.64c)

To take into account the interaction from the third nucleus we must add to the above
equations another similar set in which [ is replaced by P + n/3 since the additional

nucleus has its internuclear vector rotated by 7/3 with respect to the original. Doing this
yields

Fo(t)=1/4r3 | § - 6sin%PsinZa; - 9sinZo - 3 3sin2Psin2at | (3.65a)
Fy (t) = 1/4r3 [ exp(iy) ] [ sincsin2f + 3sinccos2f - (i/2 )sin2ccos2
+ (1 3/2)sin20sin2p + 2isino. ] (3.65b)
Fy (t) = 1/2r3[ exp( 2iy) ] [icosasin2B + i 3cosocos2pP - ( 1/2)
(1+cos20)cos2B - ( 3/2)( 1+ cos2e )sin2p + 2sin?0r ] (3.65¢ )

3.3.2 Rapid Rotation

Finally if we consider the averages of Fy (t), F; (t) and F; (t), which can be taken for

rapid changes in  (i.e. as long as B is much greater than 20 ), then the above equations
simplify to yield

Fo (1) = 1/i3 (3cos?0- 1) (3.662)

Fy (t)=iA3 [exp(iy) ] sinccoso (3.66b)

F, (t) = 1/r3 [ exp( 2iy) ] sinZo. (3.66¢)
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On comparing Eq.'s ( 3.66 ) with Eq.'s ( 3.56 ) one finds that on replacing 6 and ¢ with
o and y respectively, they are identical apart from altering their phase. However these

phase changes do not affect the spectral densities Jo ( @ ), J; (® ) and J, (@ ). By this

analysis then the relaxation of protons in methyl groups under rapid rotation, due to the
effect of the other two protons, is the same as that of protons in a pair whereby the

orientation of the internuclear vector ( 6, ¢ ) is changed to that of the C-axis vector in the
CHj3 group (o, 7).
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Chapter 4 Derivation of the
Spectral Densities

Therefore let us leave the elementary teachings of Christ
and go on to maturity ... The letter to the Hebrews 6:1

This chapter continues the discussion of spectral densities in chapter three. The three

terms Jo ( 201 ), J; (g ) and Jp ( 2mq ) involved in the relaxation rate 1 / Typ are
derived for the CHj group. The problem of the polymer chain in the melt is considered in

more detail with particular emphasis being towards developing correlation functions
which adequately describe the three components. Finally a spectral density for the molten
polymer chain is outlined and briefly summarised.

4.1 Rotational Diffusion Outlined

4.1.1 Autocorrelation of Fig ( t ) with Spherical Freedom

For a single pair of nuclei the spatial operators Fy (t ) where k =0, 1, 2 can be related to
the spherical harmonics Y,X respectively. This idea will be used in accordance with the

rotational model of Abragam34 where rotational diffusion takes place on the surface of a
sphere and can be described by a diffusion equation

B Yy 7 s e PRV RPN
oY /ot={(Dg/fa*) AgY (4.1)

where Agis the Laplacian operator on the surface of a sphere and ¥ is the probability of

finding the internuclear vector at ( 6, ¢ ) at time t. Then expressing ¥ as an expansion of
spherical harmonics,

W(0,0,t)=Zc¢cM(t)YM(6,9) (4.2)
I,m
=Zcm(t)Ym(Q) (4.3)
I,m

Inserting Eq.( 4.3 ) into Eq.( 4.1 ) and taking into account the relation A, Y (Q)=-1
(1+1) YM(£) as well as the orthogonality of the spherical harmonics it is seen that

dem (t)/0t=(-Dg/aZ) 1(1+1)¢m(t) (4.4)
=cM(t)=c/m(0)exp(-t/ty) (4.5)
where Abragam introduces T; such that

1= (Dg/a2) 1(1+1) (4.6)
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P(Q, Qq, t) is the conditional probability of finding the system at £ at time t if it is at

€y at time zero. This means that P(£2, €, t) is the solution ¥ which obeys the initial
condition

P(Q,0)=8(Q-Q)=ZY™* (Q)Y™(Q)  (47)
I,m ‘
Whence,
clm(O)=Y1m*(.Qo) (4.8)
and 1
CP(Q,Q0,t)=Z Y™ (Qp) Y™ (Q)exp(-t/1) (4.9)
1,m

Now the a priori probability p( g ) is 1/4= so that

G (1) =T BA(Q) Fie (Q0) P(Q, Qg, 1) p(Q0) dQRdQy  (4.10)

=[I B+ ( Q) B (Q0) [Z Y™ (Q) Y™ (Q) exp( - t/7) ] 1/4m dQdQq
1m
(4.11)
It is often convenient to express the Fy in a basis of Y{™ because of the orthogonality of
the spherical harmonics

Fi (Q) =2k Y™ (Q) (4.12)
I',m'
Therefore
Gkk-(t)=1/4n2ak1mak'lmexp( -Lel /1) (4.13)
1,m

4.1.2 Autocorrelation of Fi ( t ) with Azimuthal Freedom only
Consider the rotational diffusion taking place around one axis only so that now

0¥ /0t=(Dg/a2) d2¥ / 9¢2 (4.14)

If ¥ is expanded in a Fourier series W( ¢ ) = Z ¢, exp(im¢ ) then
m

(dcp/dt) exp(imo ) = (-Dg/a2) m2exp(imo ) cp (4.15)

= (1) =cpy (0) exp(-1t1/ 1) (4.16)
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where
1/’L:m=(DS/a12)m2 (4.17)

By similar reasoning to 4.1.1 P(¢, ¢, t)is ¥(¢,t) where

¥(9,0)=8(¢-99) - (4.18)

= N X exp( -imdg ) exp(im¢ ) C o (4.19)
m

and N is some normalisation“factor. Thus

P(d,¢g,t) =N Zexp(-imdq ) exp(im¢ ) exp( -t/Tp, ) (4.20)
m

and so

Gie (1) = 121 [[ Fi*(¢ ) Fie (09 ) N T exp( -imdg ) exp(im¢ ) exp( -t/ ) dd ddy
m
(4.21)

Because of the orthogonality of the exp(im¢ ), it is convenient to expand the azimuthal
parts of Fy in the following Fourier basis

Fi ($) =Zbkyexp(imé ) (422)
ml
This gives for the autocorrelation function
G (t) =N2rn Z bk bk exp(-lti/1y) (4.23)

m

4.2 Application to the Methyl Group
4.2.1 First Steps

The preceding theory can now be applied to the CHz group to determine the spectral
densities involved. By comparing with Eq.( 3.65 ) the Fy (t) can be decomposed into

Fe () =0l (t)+ ¢ 2 (t)sin2B+ 3 (t) cos2p. (4.24)

where P is the angle for methyl group azimuthal rotations.Since ( y, &) and [3 are
uncorrelated then

(4.25)
<FHX(t+T)F (t)>=<®* (t+1) o) (t)>

+< o2 (t+T) G2 (t)><sin2B(t+ 1) sin2B(t) >
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+< O3 (t+T) O3 (t) ><cos2P(t+1T) cos2B(t) >

since cross-terms have zero correlation because of the orthogonality of 1, sin2f3 and
cos2f. This makes, then

<FF(t+1)F (t)>=<q*(t+1) el (1) > (4.26)
+<OZ(t+T) G2 (t)>x 12 exp(-l T|/ 1)
+<dI(t+T) O3 () >x 12 exp(-lT]/ )

where “
1/1,=4Dg/ a2
(4.27)

4.2.2 ldentification of the ¢k and the Derivation of Jg (®)

Each of the ¢y can be readily identified by examining their corresponding Fy ( t ). If we
consider Fy(t), then

Fo(t)=1/r3[3cos?o - 1 + (3 3/4 )cos2BsinZo + (3 3/4 )sin2Bsin?a ]

From this we see : (4.28)
dol = 1/r3[ 3cos?o- 1] (4.292)
0o2=1/3 3/4[2+(1-3cos2a )] (4.29b)
0= 1/31/4[ 2+ (1-3cos2a) ] (4.29¢)

Writing the ¢y in the form given above, one can easily make the change to spherical
harmonics. Doing this yields

ol = 1/r32( 4n/5 )12 Y,0 (4.30a)

02 = 1/r3 3/4 2(4n )21 Y 0- (1/5)12Y,0] (4.30b )

do3=1/31/4 2(4m)12[YO0- (1/5)12Y,0] (4.30c)
Moreover

<ool"(t+1) ¢g! (t)>=(4/515) exp(-t/7) (431a)

<O (t+T) 92 (t)>=(3/40)[ 1+ 1/5 exp(-t/12) ] (4.31b)

<03 (t+1) 3 (t)>=(1/4r0)[ 1 + 1/5 exp(-t/13) ] (4.31c)



40

The autocorrelation of Fy (t) can now be written directly as
<Fg(t+1)Fy(t)>=<do*(t+1) ol (t)>
+<0p2* (t+1T) ¢p2 (t)><sin2P(t+T) sin2P(t) >
+<¢03*(t+'c)¢03(t)>»<cos‘2{3(t+'c‘)cos2[3(t)> (4.32)
=1/10r6 { 8exp( -t/15) + Sexp( -t/1) +exp(-t/15:) } (4.33)

where 1 /1y =1/79 + 1/1%,. The Fourier transform of Eq.(4.33 ) is straightforward

and so the spectral density J, ( @) is therefore
(4.34)

Jo(0)=1/510 {( 815/ 1 + 0212) + (57, / 1 + 0212 ) + (Tp/ 1 + @21p2)}

The remaining two spectral densities J; (® ) and J, ( @ ) follow the same procedure and

the results are stated as
(4.35)

CJ1(0)=1/3000 {(8Ty/ 1 + 02152) + ( 513/ 1 + 02112 + (1 / 1 + 0212 )}

J2(©)=1/3010 {( 3215/ 1 + 0212 ) + (91T / 1 + 02192)
(4.36)

+(7t3/ 1+ @2132) + (314/1 +a)2f4'2)+( 11/7 )( 15/ 1 + 0?152))

The details of the derivation of J; (® ) and J, ( @) for this model are presented in
appendix B. The numerical subscripts of the correlation times 7; are related to the

corresponding spherical harmonics Y for k = 0, 1, 2. Spherical harmonics of higher
order than those presently tabulated were calculated using the formula

Y™ (6,0)=(-1)m{[(2n+1)/4x][(n-m)!/(n+m)! ]}/
x P,™ ( cosB ) exp( im¢ ) (4.37)
where P ( cosO ) is the associated Legendre function

(4.38)
P,M(cos@)=(1/20n!)(1-x2)m2dmin/dxm+n(x2-1) -n<m<n.
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4.3 T1 and Tq, for Rapid Rotation

Rapid B rotation can be considered if we take the limit as 7. — O. In the spectral densities
this means that 7 — O for all k. Hence

1/Ty=(9/8)Y¥*h2[J; (wg)+ Jo(2a)] (4.39)
—5 3YH2/ 4006 X { (475 / 1 + @g21y2 ) + ( 16T,/ 1 + 400p2152) }
(4.40)

This is in agreement with that of Stejskal and Gutowsky 33 for rapid rotation of the CHj
in a crystal powder. For relaxation in the rotating frame,

1/Typ=(9/8) V2 { 1/4Jo(20;) +5/2T; (g) + 1/4 To (20 }
| (4.41)

This is identical to the equation of Look and Lowe?25 for rotating frame relaxation for a
pair of spins. In the methyl group therefore the equivalent relaxation behaviour is that of
two spins with internuclear vector of length equal to the methyl bond separation but
oriented along the rotation axis of the methyl group. Where the correlation time for the
motion of the spins is such that T."! << @ ,the spectral density term Jo ( 201 ) sensitive
to the lower RF Larmor frequency will dominate. In this regime, applicable to high
polymer motion in the melt,

1/T1p= 902/ 3206 x { 7o/ (1 + 4y 2¢2) . (4.42)
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4.4 Polymer Motion
4.4.1 The Kimmich Model

Having dealt with the methyl group problem it is appropriate here to review polymer
reptation and in particular the spectral density function derived by Kimmich for the

purpose of elucidating T dispersions3:4. This model is aptly illustrated in Fig.4-1 below.

Fig4-1
Schematic illustration of a chain in polymer melts. The circles represent the
matrix of neighbouring chains that confine the polymer chain into a tight tube.

The chain is confined to a tight tube formed by the matrix of neighbouring chains

according to the model of Edwards35. The diameter of the tight tube is given by the mean
fluctuation amplitude of the local processes. These processes are designated Component
A and consist of anisotropic reorientations of the spin dipole-dipole interaction. This is
the most rapid of the processes and the existence of residual anisotropy is essential if any
other motions occurring on timescales much larger than that for segment rotation are to be
observed. In the Kimmich model these other motions form the reptation within the tight
tube and tube renewal designated Components B and C respectively. The correlation
functions describing each component will now be discussed.
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4.4.2 Component A: Local Processes

These are local motions such as defect diffusion over short distances. Component A is
not connected with translational segment displacements but reorientations about the chain
axis caused by, for example, diffusing defects as illustrated in Fig.4-2.

Fig.4-2 :
Schematic representation showing the component A process of the molecular motion
in a chain entangled by neighbouring chains. Segmental rotation about the bonds.

These segments reorient themselves due to dipolar fluctuations and this causes the effect
of what is aptly named " crank-shaft rotation ", so called since the twisting of one part of
the chain affects another part of that same chain. In the short time limit Kimmich et al has

shown3+# that defect diffusion approximately corresponds to the diffusion of a particle
between two reflecting barriers. ( The reflecting barriers here represent the quasi-static
ensemble of neighbouring defects ). This results in a relaxation process, the width of
which is determined by the mean diffusion time over the distance of the reflecting
barriers. As the time constants of the other components must be longer than this diffusion
time the long-time behaviour of component A can be described by a single exponential
function with an anisotropy constant.

Gp(t)=ajexp(-t/15)+ay (4.43)

where 74 is the effective time constant characterising long time behaviour, and aj and ap

are determined by the degree of anisotropy of component A. It is important to note that
only a non-vanishing a,; allows observation of further non-local processes.

4.4.3 Component B: Semi-local Processes

Component B is a semi-local process and is associated with reptation around tube bends.
We assume the validity of a one-dimensional diffusion equation for chains reptating along

a curvilinear path; i.e. T, = 12/ 2D; where D; is the curvilinear diffusion coefficient and 1
is the mean path length (see Fig.4-3 ).

The correlation function of Kimmich is given by the ensemble averaged probability that a

reference segment with a given initial orientation has the same orientation after time 7.
This can be written symbolically as

G (t)=Ip(X)2/n(x,t)dxdx (4.44)
0 0
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Fig.4-3
inear diffusion

Curvil
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where p( X ) is the probability that the nearest bend of the surrounding tube is at a
distance X from the reference segment. The factor of 2 shown appears since there are two
final positions with the same orientations on both sides of the reference segment. The

term n( X , T ) is the probability that the reference segment diffuses a distance x within a
period t. Therefore,

-

Intx,t)dx (4.45)
0

represents the probability that the reference segment is in the range 0 < x <X. The
exterior integral gives the average over all lengths X.

Chandrasekhar has shown36 the solution of the diffusion equation yields
n(x,t)= 1/[2(nDy7)2]exp(-x2/4Dy1) (4.46)

At times large compared with the correlation times of defect sequences ( i.e. T >> Tg)
then Dj can be taken as constant. Thus

-

2/n(x,t)dx=erf{ X /(4Dy7)12} (4.47)
.

Now p( X ) depends on the microstructure. A plausible case is an exponential distance-
distribution of the nearest tube bends, which means that there is the same probability at
each segment that the surrounding tube changes its orientation.

p(X)=(1/1)exp(X/1) (4.48)

21 is now the mean distance from one bend to the next. Thus, the correlation function of
Kimmich for component B is

Gp (t) =exp(t/21) erfc( t/ 21 )12 (4.49)

It is assumed the chain diffuses within a stationary tube of infinite length. That the tube
be infinitely long is justified since any tube renewal process is attributed to component C
which is of a competitive nature to component B. The stationarity of the tight tube is more
problematic as it contradicts the growth or shrinkage of folds. Rather the fluctuation of a
fold in principle can contribute to component B. However the correlation length of the
tight-tube orientation is expected to be so short that reptative displacements around tight-
tube bends will be fast compared with fold fluctuations. ( Also it is unlikely that a
reference segment will be situated in a fold at all ).

4.4.4 Component C: Global Processes

Component C is a global processes and involves the alteration of a chain to a new
configuration. In the Kimmich model, there are two ways in which this can be brought
about. Contour length fluctuation which involves no longitudinal diffusion, and is due to
changes in the environmental microstructure of a chain; and tube renewal due to reptation.
The correlation function is

G (t)=pcexp(-t/TR¢) + prexp(-t/TRT) (4.50)
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where Tgr! and TRC are the tube renewal time constants for reptation and contour length
fluctuation weighted by p; and p. respectively ( and p;+ p; = 1 ). In the model of

Kimmich the mean tube length per fold Ay and the extended tube length Ly, determine
the mean contour length fluctuation 2x, = ( LoAg )1/2 and the weighting p, = 2x,/ Ly.

4.5 Summary of the Spectral Density

It is next assumed that all three components are stochastically independent. This is
plausible since components A and B are intrachain processes and component C is an
interchain process. Now B is a consequence of A; however in the timescale in which
reptation influences NMR relaxation each segment has reorientated many times, i.e.
Reptation is caused in this [imit by the movement of a large ensemble of defects and is
thus practically uncorrelated to the diffusion of a single defect. Therefore

G(t)=Gp(t)Gg(t)Ge (1) (4.51)
=[ajexp(-t/15)+ay]
x exp(t/27) erfe( t/27)2

X [ peexp( -t/ TrC) +prexp(-t/trr) ] (4.52)
The exact expression for the spectral density arising from Eq.( 4.52 ) is given in
Appendix C together with the derivation of various limiting cases applicable to Jy ( 2m1 )
since it is this spectral density which provides the dominant influence on T p-These
limiting cases are helpful in summarising the spectral regimes covered in spin-locking and
are stated below.
(i) Low frequencies ( 207 << 1/1g" ) and long chains ( Ag << Lg)
Jo(2m1) = 2ay (2711R7 )12 (4.53)
(ii ) Intermediate frequencies (1/TRf<<2m;<<1/ 7))
Jo (2001 ) = 2a;1T4 + 2a9 (2007 )12 74172 (4.54)
(iii ) High frequencies ( 2wy >>1/1, 1/1x")

Jo(2m1) =2a1Tg+ ay (20 )32 712 (4.55)

These regimes are depicted schematically in Fig.4-4.
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An approximate expression which describes the crossovers from one region to another
has been given in reference 3.

4
I(fo)=2 'yj[2fcc(j)+ 'tc(j)3/2‘cl“1/2( 1 +K(j))1/2]
j=1 o
+ { KD 2+ (1/2 )1, g1 KG) + 1 (012 4172

X[ (1+KGN2+ ot (i) (KGI-1)12]}  (4.56)

where K(J) = (1 + (ot (ix)2)12
(D=1 (2) =1
(3 = 1Re
1(4) = TRt
Yi=21 (Ag/Lg)2 C(4.57)
Ya=a; (1-(4Ag/ L))
Y3=ay (Ag/Lg)l2
Ya=a3 (1-(Ag/ L))

Note that as ap — 0 Eq.( 4.56 ) yields the isotropic limit. By comparison with the
isotropic limit expression for rotational motion given by BPP it can be seen that J5 (@) is
given by Eq.( 4.56 ) within a numerical factor of (2 /3 ) for T; theory and (4/5) for
T, theory.

4

IIZ
T law,) = 2a,(22,%)

IogJO(Zcol)

TI ————— T l
Ipm2y/3
2e,x (4,77 TTR) >
log o,
Fig.4-4

Schematic log Jg ( @ ) dispersion predicted by the reptation model of Kimmich.
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Chapter 5 Hardware and Software

Thou hast made me, and shall thy work decay?
... John Donne

5A Hardware

5A.1 General Outline of the T, System

Having dealt with the theory of NMR relaxation in some detail we now turn our attention
to the practical aspect of this:work and consider the " nuts and bolts " of measuring T,

The Tjp system is built around the JEOL FX60 multinuclear NMR spectrometer. The
essential components of which are given in the block diagram of Fig.5-1.

RF transmitter ¢
M \ / v Peripherals
magnet [ Probe |—  Duplexor TT
/ \ ¢ Computer

Y High gain ﬂ

| | RFlow noise L
p L& 60 MHz b Digitiser
pre-amplifier reesiver 81

Fig. 5-1
Block diagram of the FX60 spectrometer.

Upon receiving instructions from the computer, the appropriate pulse sequence is sent
from the RF transmitter to the probe via the duplexor. The probe then stimulates the nuclei
and observes the subsequent response. The small nuclear signal is then channeled to the
pre-amp and high-gain receiver once again via the duplexor. The role of the duplexor is
thus to switch between these two functions. The voltage generated by the receiver is then
digitised and transferred to the computer for spectral analysis.

The RF probe and duplexor were constructed especially to withstand high voltages
necessary to attain certain frequency regimes of T, and are important features of this
work. Thus a full description of both follows in section SA.2 and 5A.3 respectively. The
powerful Henry Radio 1kW 60MHz amplifier needed to produce the high voltages is
discussed in section 5A.4. The remainder of the hardware has already been described in

detail elsewhere37 although a summary is included in sections SA.5 and 5A.6.
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5A.2 RF Probe

The RF probe used in this work incorporates an RF tank circuit housed between two walls
made from fibreglass pcb.

A single RF coil included in the tank circuit is the most important part of the probe since it
must transmit the RF pulse sequence in an efficient manner to the nuclear sample, which
is placed within the coil, and simultaneously detect the response of the nuclei; a small
signal whose strength is in the order of microvolts.

The fibreglass pcb is copper plated so as to provide electrical shielding from outside
interference and the construction of the probe body is such as to maximise the area
shielded. Shim coils are mounted on the outside walls of the probe. These are current
coils used to compensate magnetic field inhomogeneities.

All materials used in the construction of the RF probe must be of a non-ferrous type to
prevent magnetic field distortions. The important feature in the design of the T probe is
that it must be able to withstand high voltages applied to the RF coil. Thus the distance
between the coil and the probe walls must be large enough to prevent arcing ( 104 V c¢m-!
for dry air ). This poses a difficulty when it is borne in mind that the distance between the
poles of the magnet ( which governs the probe width ) must be small enough to achieve
magnetic field homogeneity. This places an upper limit on the width that the probe can
take ( approximately 30mm for this work ). Another problem faced by this limitation was
that most high voltage capacitors were too large in size compared with the amount of
space allotted. For this reason special capacitors were constructed.The details of the
probe now follow.

5A.2.1 RF Coil

The single RF coil, comprised of three turns of 1.26mm diameter ( 18 s.w.g. ), was
wound around a glass dewar into which the NMR sample tubes are placed. The
considerations in the design of the coil were:

(1) To choose the number of turns so that, for a given length, the quality factor Q is
optimised.

(ii) The distance between each turn needs to be large enough to prevent arcing.
(iii ) The length must be small in keeping with the homogeneity of the magnetic field.

To achieve the first consideration ( i.e. a high Q ) the empirical rule given by Fukushima

& Roeder38 was followed whereby the distance between each turn in the coil is equal to
one diameter of the wire used. Thus a large diameter wire was chosen to fulfill the second
consideration. Practically, the actual spacing is achieved by winding two wires of the
chosen diameter around a former after which one of the wires is simply removed. The
coil dimensions are given in Table 5-I according to the parameters shown in Fig.5-2.
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Fig.5-2
The RF coil.

At VHF frequencies , the current exists within a thin skin on the surface; the current
density decreasing exponentially as one penetrates the surface. The skin depth is given by

Hoult3% as
8= (2p/ izttowg )2 (5.1)
= 8.47 um for Copper at f; = 60 MHz

where p is the resistivity of the wire (in this case pc,=1.7 x 10-8 Qm ), p, = 1 for Cu
and [y is the permeability of free space and has the value pg=47 x 107 Hm1. Thus the
effective cross-sectional area of the wire Ay;.e is equal to the circumference of the wire x
d. The resistance of the coil R is therefore

Reoil = 0p1/ Ayire (52)
and © is a proximity factor.
The inductance for a solenoid is given by

L = pon2A 0/ 1 (5.3)
and so this allows Q to be calculated by

Q= ®oL / Reoit (5.4)
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Experimentally one would measure the bandwidth Af and find Q by using

Q=Af/f, (5.5)

Table 5-1 lists the values of L and Q measured at 60 MHz for the RF coil used.:

RF coil measurements
(‘experimental )

3
6 mm

8 mm

0.27uH
60

O

Table S5-I

5A.2.2 High Voltage Capacitors

Special capacitors were needed which could withstand the high voltages that would be
applied and also be physically small enough to fit inside the probe. The design and
mounting of these capacitors is shown in Fig.5-3a and Fig.5-3b respectively.The
capacitance is that for a coaxial cylinder and is given by

C=2meegl/In (1p/17) (5.6)

where € is the dielectric constant of the material, g is the permittivity of free space, ry is
the inner radius of the outer cylinder of the coaxial and ry is the radius of the inner
cylinder. The length of the cylindrical tube was determined by the amount of space
allotted inside the probe body. Because Teflon ( polytetrafluoroethylene ) does not give a
proton NMR signal it is a suitable material to use as a dielectric; € for Teflon is 2.1 over

103 to 108 Hz and the dielectric strength is 480 Vmm-1. The minimum thickness of the
dielectric was based on the expected voltages between the inner and outer cylinders. The
two capacitors made for this work as measured were tunable between 2.5pf and
13pf.Perspex tuning rods were added to reduce hand capacitance.

5A.2.3 Series-Parallel Tank Circuit

Because the signal induced by the nuclei is small, it is important that the probe be
efficiently coupled to the next stage in the system. For maximum power transfer between
two stages then the output impedance of one stage should be equal to the input impedance
of the next.



75 mm

35 mm

<€4—— Perspex rod

<§—— Brass bolt
( 100 mm length )

VAV AN

7
O

W <¢—— Brass boss

( National fine thread )

<§¢—— Teflon cylinder

<§—— Brass tube
( 1.5 mm thick )

7

| AN DEN

Fig.5-3a

The high voltage capacitor, ( not to scale )
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Fig.5-3b

The mounting of the two high voltage capacitors.
The RF coil sits inside the Teflon enclosure ( central )
which allows for temperature controlled airflow.
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The interconnections between various stages in the Ty, system are made using 50 ohm

coaxial cables and so for maximum power transfer, the impedance of the probe should be
50 ohms.The impedance matching circuit used which achieves this purpose is given in

Fig.5-4.
o]

CZ;/__‘:

rig.5-4

Parallel-series RF tank circuit.

Upon resonance, the equivalent parallel resistance is quite high and is given by by the
expression Req = Q2R - As the circuit is detuned below resonance by adjusting Cy
then the resistance R, is reduced and the circuit begins to look inductive. Capacitor C5 is

then adjusted so as to tune out this inductive component. In this way, then the circuit can
be made to look resistive with any value of resistance less than the maximum value of

Req. By using equivalent circuits it has been shown3? that the values of C; and C;
required are

Cl = ( RCOil/r‘L2m04 )1/2 ( 5.7 )

C2=(C1/I"Q030)1/2 (58 )

where 1' is the desired matching impedance.An alternative impedance matching circuit is
given in Fig.5-5 which works in much the same way.
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C2 —

C1

e

1 T

Fig.5-5
Split capacitor RF tank circuit.

This time the circuit is tuned above the resonant frequency by adjusting C,. This makes
the combination of C, and L look inductive; Cy is then adjusted fo tune ont this inductive
component and leave the desired matching resistance. Again by equivalent circuits

Cy~1/ gL (59)
C1=(QC2/(!)0R )1/2 (5.10 )

.where C; >> C,. This was our first combination which included fixed high voltage
capacitors in parallel with the tunable capacitors to give the desired value. However it was
found that standard capacitors were not required when the series-parallel circuit shown in
Fig.5-4 was used. This was favourable since compact standard capacitors of a high
voltage rating were often hard to obtain.The tank circuit was tuned using the RF bridge
shown in Fig.5-6.
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§ 50Q 50Q

Marconi ' :
Oscillator Oscilloscope

500 L

c1 A %

Fig.5-6
The RF tuning circuit.

With the Marconi Oscillator set to 59.95 MHz, capacitors C; and C, are adjusted until a
null is observed on the oscilloscope. By replacing the tank circuit with a 50 Q load, a

comparison can be made. That the probe be 50 £ was doubly significant since
measurements where Ty, approaches the Tj end of the scale required the use of a 1kW
Henry Radio amplifier. The Henry Radio amplifier could be damaged if it is operated into
a load with a standing wave ratio greater than 2:1. The amplifier is discussed in section
S5AA4.

5A.2.4 Electrical Current Shims

The electrical shims used consist of simple rectangular current loops with the coil
positions and dimensions adjusted to maximise the desired field gradient. The coils are
placed symmetrically in two parallel planes straddling the sample. The shims are
orthogonal and so the controls are independent of each other. The design of the first-

order X,Y & Z gradient coils as given by Anderson?0is as follows.
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Z gradient.

Fig.5-7 shows the dimensions of a Z gradient coil found on one side of the RF probe.An
identical coil is placed on the opposite side of the probe.The distance between the two
coils is 2Z.

60 mm
< L
2Z
0 <
25 mm I (Opposite )
coil
—II
Fig.5-7
The z gradient shim coil. Coils are placed on each side of the RF probe.
The required current was determined for a Af = 500Hz spread in fTequency Over 1cm
Thus
AB = (2m/vy) Af (5.11)
=1.18 x 105 T.

=0B/0z=1.18 x 10-3 TmL.

According to Anderson
0B / 9z = (Kol /2nzg2) [ -2n/ (1 +1?2)?] (5.12)

and n =1 for B, proportional to z. I was calculated to be about 2A. The Typ probe has
two loops and the shim current supply can drive up to 1A in each loop.
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Y gradient ( refer to Fig.5-8 )

QZO Ix
25 mm ‘ < ' {Opposite }
I 4—— coil
X
4 IX
/2 7
I
17.7 mm X
Fig.5-8

The y gradient shim coil. Coils are placed on each side of the RF probe.

For this case
9B /3y = (Molx/2mzg2) [1-12/(1+12)2] (5.13)

and N2 = 0.1716. Once again for a S00Hz spread over lcm then I, can be calculated and
the number of turns wound accordingly.

X gradient.

The X gradient shim coils are identical to those for Y ( see Fig.5-8 ) but are rotated by

90° about the z-axis. Fig.5-9a shows the X,Y, and Z gradient coils mounted together
while Fig.5-9b shows the location of the coils on the side of the probe.

5A.2.5 Coil Holder

The RF coil is encased within a fixture deemed the coil holder designed so that
temperature controlled airflow around the sample tube is possible. The coil holder, made
entirely from teflon, is positioned so that the sample will be in the centre of the magnetic
field ( see Fig.5-3b ). The holder is slotted to permit easy removal of the RF coil if
required. The slots mean the leads from the coil can be kept short thus reducing stray
capacitance.
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Fig.5-9a

The X, Y, and Z shim coils.

Fig.5-9b

The shim coils are mounted centrally on the side of the probe.



5A.3 Duplexor

Fig.5-10 shows a schematic diagram of a crossed-diode configuration commonly called a
duplexor.

Fig.5-10
A single duplexor.

Provided the potential driving the current exceeds a fairly well defined threshold ( 0.5 for
most Si. diodes ) then the above pictured cross-diode configuration has the property that
it will pass current in either direction if the voltage is less than -0.5V or greater than
0.5V. Therefore the duplexor acts like a switch which is ON for large signals and OFF for
small signals.

A crossed diode circuit placed in parallel with the input of the receiver then acts as a short
to protect the input from large signals coming through the matching network while acting
as if it were not there at all for the small NMR signal because the short to ground at the
receiver acts at the end of a quarter wavelength line. This has the effect of presenting a
high impedance to ground in parallel with the probe tank circuit under high voltage
conditions. Fig.5-11 shows the practical duplexor set-up.

| K —
Transmitter Receiver

Probe

Fig.5-11
The practical duplexor set-up.

A duplexor in series with the transmitter directs the small NMR signal to the receiver.
High voltage diodes were used throughout and placed in parallel to share the current as
shown in Fig.5-12. Adding diodes in series reduces the capacitance each diode has when
non-conducting. The resulting increase in threshold voltage was not found to present any
difficulties.



Fig.5-12

The high voltage duplexor; many diodes in parallel.
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5A.4 Henry Radio 1kW Linear Amplifier and Driver

The Henry Radio 1kW Linear amplifier and exciter / preamplifier driving unit required to
attain large spin-locking fields were factory tested and aligned for 60MHz. Fig.5-13a
shows the Henry Radio amplifier and the Driver unit. A description of both follows.

5A.4.1 Exciter / Preamplifier

The solid state Henry Exciter is a low band VHF linear power amplifier. The unit has a
drive requirement of 5 to 20W and delivers 65W for 15W input ( nominal ).

The circuit diagram of the amplifier is shown in Fig.5-13b. The amplifier is made up of
three distinct circuits: An RF sensor and relay circuit, a preamplifier stage, and a final
power amplifier stage.

In the sensing-relay circuit, RF from the antenna to J3 ( RF OUT ) goes directly through
the relay and J1 ( RF IN ) into the transceiver during receive. However if the unit is in
transmit mode then RF enters through J1 ( RFIN ) and creates a voltage across D1. The
voltage is amplified by Q1 and trips the relay RY1 causing the signal to enter the amplifier
stages.

In the preamplifier section ( the driver stage ), the base of Q4 is matched to 50 ohms by
C3, L9 and C15. L9 is a toroidally wound coil on a ferrite core. The preamplifier is
decoupled from the DC power line by C16 and L11.

The output from Q4 is matched to and divided between the two final output transistors,
Q2 and Q3, by L10, a broad band ferrite matching transformer. C4 matches the
impedance between the two stages. The output power from Q2 and Q3 ( operating as a
push-pull circuit ) is delivered to L6 and L7, another broad band ferrite matching
transformer and combiner. C14 matches the output impedance to 50 ohms.

C10 through C13 and L1 through L3 form a low pass filter to suppress harmonics
generated by the amplifier. D2 is a reverse polarity protection diode.

Fig.5-14a shows a graph of Power Out vs. Power In for the Driver ( exciter ) while the
Gain vs. Power In is shown in Fig.5-14b.



Fig.5-13a

The Henry Radio 1kW Ampilifier ( above ) and the Driver Unit.

63



64

— SREQUT ] =
J1RE N E W
G L‘_T.:.." IO Ol 12 I
T 1
= 1 i
T 1 Y :
5" cz& sl Lo
J2 CONTRL i = : 1380
! 1
o ! _[-_ nqkt | ’\’_a:
= [0 3R 155 DIGCHE P
] = - - l—"
R3: >_1 (= -
i
L fid | i
PYL ) 3 .f'..l__. {
| e L ;
[T IEl " Lo [
E ot !
I [
| |
5 |

= 017

10002
DIAGRAM FROM HENRY RADIO

Fig.5-13b

Circuit diagram for the Driver Unit ( Exciter / Preamplifier ).
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5A.4.2 Henry Radio 1kW Linear Amplifier - Model 2006

66

The Henry Radio model 2006 shown schematically in Fig.5-15 is a high quality, one-
stage linear RF power amplifier which uses a single ceramic high gain triode ( Eimac
3CX800A7 ) in a grounded grid circuit. The amplifier is completely self-contained and
employs the use of high quality RF and DC componentry. The output power is specified
at 1000W PEP nominal, S00W DC nominal and was measured using a 50 ohm 1kW
rated load. These characteristics are shown in Fig.5-16.

The front panel of the unit contains a monitor of the plate current of the 3CX800A7 tube
as well as a multimeter which shows either the grid current of the final tube or the high
voltage from the power supply. A four position pushbutton switch located just below the
meters selects each function, including an enabling or disabling of the amplifier.

FL1

€30

JBI J2 ouTPUT

N '-‘IJ,W

J5 RELAY CONTROL®

Circuit diagram for the Henry Radio 1kW Amplifier.
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Fig.5-16 Henry Radio and Driver Characteristics
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5A.5 60MHz BReceiver

The 60MHz receiver which follows the RF preamp. provides further amplification to the

NMR signal in the following manner37: After passing a single stage 60MHz RF amplifier
( see Fig.5-17 ), the signal is mixed with a 71MHz signal provided by a local oscillator
and an 11MHz IF signal is produced. This IF signal then undergoes two stages of
amplification ( by two MC 1350 based IF amplifiers ) before it passes a second mixer
operating as a phase sensitive detector (P.S.D ). An audio signal is then produced which
is amplified by a single stage variable gain 741 operational amplifier. The signal is next
fed to a two stage active bandpass filter having a bandwidth equal to the subsequent
digitising stage. The digitised signal is read by a TI-980A computer and stored in
memory ready for co-addition and later analysis.

RF gain control AF gain control

60 MHz Adjustable
nmr signal bandpass #~  Digitiser
from preamp. filter / T\
T.I.980A
71 Mz & 4 computer
44 MHz 11 MHz
— variable phase 1 ‘U’
Local. Divide Peripherals
oscillator [ lf)gur [ =
Fig.5-17

Block diagram of the 60MHz receiver.

5A.6 TI-980A Computer

The TI-980A computer is a Texas Instrument progamming machine with 16 bits per

instruction and an average execution time of approximately 1ps per instruction. The
machine has 32K words of memory and is capable of driving a number of peripherals
including an oscilloscope for data display, a plotter for producing a hard copy of the free
induction decay or corresponding spectra. Interaction with the software package supplied
can be made via a light-pen menu based operating system.
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5B Software

5B.1 Software Outline

The Tlp software, denoted as TIRHO, makes use of the existing Imaging and JEOL FX60

software. Portions of the Imaging software have been modified and additional
subroutines written as required. The structure of the TIRHO software is described in the
flowcharts given in Fig.5-18a & Fig.5-18b. The corresponding assembly code is given
in the program listing of Appendix E. This includes the modified Imaging subroutines
together with additional subroutines. The remainder of the Imaging software used by
TIRHO can be found in reference 41.

The T1RHO lightpen based menu ( see Fig.5-19 ) can be selected from the main NMR
menu via the asterisk in the lower lefthand corner of the FT-NMR menu. This allows

control to pass from a normal experiment to an update experiment whereby times
governing the length of the Bj pulse are updated automatically and data is likewise

transferred to the Hitachi pc for display.

The basic operations required in a TIRHO experiment may be described as follows:
(1) Select appropriate LEVEL and TIMES. These are parameters of the RF pulse.
(2) Load and start the pulse sequencer.

(3) Accumulate the data.
(4) Transfer the data to the Hitachi pc and update the times.

(5) Repeat steps (2), (3) and (4) until all the runs have been sent to the Hitachi.

R o oy o4 ¥ e, o] Cogrese -
L —,F"' ' 1 'c ot 5 3
3 *e 3 s * Likdd : hind 4

" MODE  UPDATE . NORMAL
 TrRANSFER DATA
' BET PARAMETERS

 meinomENU

Fig.5-19
T1RHO menu. LEVEL and TIMES of step (i) are selected from ' set parameters '
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ForN=1toN do.

( Return to main menu. )

Forn=0ton do.

Reset CNC phase.

CNC required ?

vy
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Toggle
}é}l;g é]ase

Load and start p/s.

e |

( DATA ANALYSIS. )

y

Accumulate data.

Fig.5-18a
Flowchart for a TIRHO experiment.
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( DATA ANALYSIS. )
Multiply data b
exponential window.
385D - *
Fourier Transform data.
3886

Store scaling factor. @

1D8&0

3690

388D No

Normalise data to first tme.

i

v

v

Transfer data to hitachi pc.

v

Update times.

Fig.5-18b
Flowchart for Data analysis.
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7D5B

7D98

7D9B

709B

0200

( T1RHO MENU OPTIONs)

TIMES

Gn>

Yes

Display TIMES and

7DC6

72

Scroll menu

selected values.

Fig.5-18c¢c
Flowchart for selection of " Times ".
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Fig.5-18d
Flowchart for selection of " Level ".
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Load initial time
memory address.
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time address.

v

Compute and format
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Fig.5-18e
Flowchart for selection of
* Run processing *“.

experimental times and
store at 3220 to 3400.

Shift decougled p/s to
current p/s.( 3100 to 3000 )|

v

( Main menu. )

N=N+1
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5B.2 Set Parameters

There are four modes of operation: 'R', 'L, 'T" and 'M' as shown in Fig.5-20.

Fig.5-20
The four modes of operation upon selection of ' set parameters '

5B.2.1 Hex Monitor

The hex monitor ( see Fig.5-21 ) forms a convenient means of interacting with the
software. The Jeftmost column of hex digits are the machine addresses while the adjacent
column contains the corresponding memory contents. The figures O to F shown at the top
righthand corner form the 'keypad' while the 16 bit word at the bottom is the 'keypad

display buffer'.



Fig.5-21

Hex. monitor
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Program opcodes are entered by selecting the appropriate hexadecimal character from the
keypad. The keypad buffer displays each digit as it is selected. The desired word can be
entered by pointing the lightpen to either the opcode or address column and pressing the
switch. This action modifies the location and changes the current value to that in the
keypad buffer. If 'R' is selected in this mode control is passed to the program and the
program counter contents are replaced by the keypad buffer.

5B.2.2 'T'- Times

rINE Us
100088

200000
3e0080

_essese

Fig.5-22
Time mode selected

The time in Us is given as a six digit decimal number ( see Fig.5-22 ). Each digit is
selected from the keypad and subsequently displayed in the buffer. The lightpen is

pointed to the appropriate time, in the TIME s column, which the new time displayed in
the keypad buffer is to replace. Upon pressing the switch the transfer is made. In this
way the update times for the entire experiment are stored. Allowance has been made for
the storage of 30 time values to be entered in groups of six as shown. The time store
memory is scrolled by pressing the lightpen on 'T'". The end of the experiment is
indicated by a time value of 000000. The flowchart detailing this process is given in
Fig.5-18c.
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5B.2.3 'L'- Level

Fig.5-23
RF LEVEL selection

A value for the LEVEL of the RF pulse between 0 and 127 is selected from the keypad

and displayed in the buffer ( see Fig.5-23 ). The storage is made in the usual manner by
pointing the lightpen at the existing value of LEVEL and pressing the switch. The
flowchart detailing this process is given in Fig.5-18d.

5B.2.4 'R'- Run Processing
Selection of 'R' in either LEVEL mode or TIME mode will result in the following. Firstly

the LEVEL is converted to hexadecimal and stored at memory address 311A. Secondly
time store memory ( 7DD8 to 7E13¢ ) is transferred to location 3220 to 34004¢.

Furthermore, the times are now individually stored as three groups of two bytes each.
For example, a time t = 123456 1s would be stored as

Address 1 0012
Address 2 0034
Address 3 0056.

This change in format was to allow a simple method of transferring times to the pulse
sequencer.The flowchart detailing this process is given in Fig.5-18e.
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5B.3 Running the Experiment

A TIRHO experiment is initiated by selecting 'S’ in the ACCUM menu ( see Fig.5-24 )

"." ‘-u. 'osn. l ‘ ','_'
ceed
i ear® o Daear a4

POINT 512

Tines Y

bELAY 100 us

FREQU  S0200 HZ  PREX%
3.0000
ACaTM
®.85%512 8

R e Rt o X

Fig.5-24
The Accumulation { ACCUM ) menu

This causes the pulse sequencer data in locations 3000 to 31FF ;4 to be transferred to the
pulse sequencer. Once the data has been transferred, control is passed to the pulse
sequencer which now produces the various RF pulses necessary for the detection of a
TIRHO signal.

The TIRHO TEMPLATE pulse sequence is shown in Fig.5-25. This gives the initial pulse
sequence and 1s stored from 3100 to 31FF 4. An experiment is initialised upon switching
from NORMAL to UPDATE in the TIRHO menu. This action copies the TEMPLATE from
3100 to 31FF into the new location 3000 to 30FF.

If coherent noise cancellation ( CNC ) has been selected, alternate experiments will change
the initial RF pulse phase by 180°. This will reverse the sign of the detected signal. The
accumulation routine is also changed by this phase alteration and data is subtracted rather
than added to memory. Thus any coherent signal superimposed on the desired nuclear
signal ( such as dc offsets or computer interference ) is discriminated against by this
process. Once the modified phase has been stored in the pulse sequencer, the pulse
sequencer is reloaded and the experiment restarted.

After each accumulation the data is transferred to the Hitachi pc. The RF pulse length is
then updated and the process is repeated until N accumulations have been performed

after which the routine will return to the main NMR menu ( entry address 0200 ).
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Template pulse sequence.

127 ,’
RF Level
20
1 L
102 10.104 ms
. 90 2
Phase
0
104 ps 10.08 ms 10.18 ms
2 s
-] 4
RF 2us
—>{ ‘4—
10.100, 10.102 ms 10.2, 10.202 ms
Interrupt _’1 l‘—
10.204, 10.234 ms
wi
RF Signal switch /
10.374 ms 990.1 ms
Halt
F
! 995.1, 995.18 ms
Fig.5-25
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If the NORMAL experimental mode has been selected the routine will return to the main
menu after the first N, accumulations.

5B.4 Memory Organisation

Data is organised as shown by the following memory map:

3000 to 30FF
3100 to 31FF
3200
3201 to 320F
321E
321F
3220 to 3400
3690 to 36C4

Pulse sequence data.

Pulse sequence TEMPLATE including LEVEL @ 311A. ~
Number of update times N.

Addresses of time data to be updated.

Time ( experiment ) counter.

Time address counter.

Time data required.

Modification : Update " Imaging gradient " to Update " Times".

Upper memory: Modified Imaging software + additional subroutines ( See appendix E
for program listings ).

7000 to 700D

700E to 702E
702F to 7067
7068

7D00 to 7D1D
7D1E to 7D44
7D45 to 7TD52
7D53 to 7DSF

7D60 to 7D64

7D65 to 7D66
7D7F to 7D97
7D98 to 7TDC1
7DC2 to 7TDC5
7DC6 to TDCE
7DCF to 7DD7
7DD8 to 7E13
7E14 to 7TE43
7TE44 to 7TE4AC
7ES9 to 7TE74
7E80 to 7TEC6

7F01 to 7F17

7E25 to 7F4C
7ES5 to TF71

ASCII addresses.

Display " TIMES s ".

Display " LEVEL ".

LEVEL store.

Initialise variables.

Display keypad and test for lightpen hit.

Display keypad buffer.

Select mode.

Lightpen hit detecied.

Store selected character in keypad buffer.

Display six nibble hex. digit in A,E register at co-ordinates ( S,M ).
Time mode selected.

Time routine - Lightpen hit on data.

Scroll time display.

Reset keypad buffer and mask.

Time store memory.

DATA.

Modify mode routine.

Display three nibble hex. digit in E register at co-ordinates ( S,M ).
Subroutine to add in decimal ( A,E ) to ( M,S ). Only the last six
hex. digits are added and the first two digits are preserved.
Display six nibble ( hex. digit ) in A,E register at co-ordinate
(SM).

Modification to store selected character.

Time mode selected. Hex. to digit conversion.
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Chapter 6 Data Analysis

It is a capital mistake to theorise before one has data
... Sherlock Holmes

6.1 Modelling the Observed Behaviour

T1p measurements on polydimethylsiloxane ( PDMS ), polyethylene oxide ( PEO ) and
polyethylene glycol ( PEG ) were made using the TIRHO system developed. These
polymers were chosen because the monomer in each case contains a unique chemical
environment for the hydrogen atoms. PEO and PEG have identical monomers but differing
end termination. In the present context they are, in effect, identical. In this chapter we
will use the acronym PEO to refer to both polyethylene oxide and polyethylene glycol.
The atomic arrangement of the polymers is as follows:

PDMS R q
CH; | CH; CHs
R
0 — Sil———O'mSi—— OL-Si — O
v v
CHy | CHy 'CH
PEO P om e m e — = \
CHQ—— O ——"$CH2“““ CHz“"" Q}
PE  ____ -

In PEO the protons occur in methylene CHj groups so that the ( short range ) dipolar

interaction for each nucleus arises from the other in the pair. In PDMS each methyl group
proton interacts with the remaining two.

The PDMS samples were obtained from Polysciences Inc.( Warrington, Pennsylvania )
in polydisperse form and subsequently fractionated. They included the following molar
masses:

( MyMy)/2 (Myw/My) My (My/My)
After fractionation Before fractionation
584702 1.41 537000 1.5
253303 1.37 166000 3.5
169482 1.53 166000 3.5
72596 1.39 77000 2.5
10372 1.45 61000 4.0

The fractionation was performed by progressive non-solvent addition[ 42 -44 1 and the
molar mass distribution was measured by gel permeation chromatography.The weight
average molar mass, My, and the number average molar mass, My, are defined as

follows:
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I3 M2p(M)adMm

M, =
v Iy MP(M) dM
[ MP(M)dM

M, =
[ P(M)dM

where P(M ) dM is the probability that a molar mass M is located within the range dM.
The critical entanglement mass for PDMS is 24500 daltons45.

Monodisperse PEO samples were obtained from Polymer Laboratories ( Church Stretton,
Shropshire ) and consisted of the following molar masses:

(MyMp)172 (Mw/Mn)

246000 PEO 1.09

105000 PEQO 1.06
56000 PEO 1.05
23000 PEO 1.08
23000 PEG 1.08

The critical entanglement mass for PEO is 4400 daltons45 and for PEG is 3800 daltons46
so that all of the polymers provide examples above M.

The samples were placed in 4mm diameter NMR tubes, flushed with Ny, pumped and
sealed in vacuo. All experiments in the present work were performed at a temperature of
1500C. The melting points of PEO and PDMS are 137°C and -40°C respectively#6:47. In

the case of PDMS an additional set of data was obtained at 26°C. The apparatus was
checked by measuring T p for water at values of f; from the minimum frequency of

400Hz to the maximum frequency of 41.7kHz employed in the polymer melt
experiments. Approximately 2s was obtained in each case, consistent with the

requirement that Ty < Ty, < Tj.

The results show a double exponential decay as shown in Fig.6-1. At first sight this is
surprising since both PDMS and PEO apparently contain " one environment " for the
protons and an identical dipolar interaction strength. This suggests that the difference in
behaviour arises from a difference in the motion. Assuming that the molten sample is
homogeneous, two possibilities arise. First, it may be that the different motion
corresponds to protons in different length chains. In the case of PEO this explanation is
unlikely since the chains are highly monodisperse. One is therefore led to postulate
different physical regions within a given chain. One obvious explanation is that a
distinction can be made between the middle of the chain and the chain ends. The
molecular segments at the chain ends are freer to rotate rapidly than those confined to the
central part of the tube and so could contribute to the long time component in the double
f})}(ponential decay. The short time component therefore finds its source in the middle of
e chain.

Experiments performed on Polyethylene ( PE ) reported in reference (13 ) were fitted
using a model whereby the chain ends and the middle of the chain form a coupled two-

spin system?8. The division of the spins into two coupled subsystems for PEO will lead
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to bi-exponential behaviour provided that each subsystem can be represented by a
common spin temperature as for PE. Comparison made with data on PE shows that PEO
plots appear to be " stretched out " along the time axis. In other words the rapid Ty,
component for PEO decays at a slower rate than that for PE. This presents a major
problem in the data analysis since separation of the fast and slow components is more
difficult the closer the time constant. This problem is illustrated in Fig.6-1. The reason
for this will be discussed later but the difference in behaviour arises from a difference in
ap, the local segmental anisotropy for rotation.

What we seek is the relaxation time associated with the tight tube. In our model this
corresponds to the fast Tlp component. However it is important to realise that cross-
relaxation effects between protons in the chain centre and the chain ends may have the
effect of altering the tight tube relaxation rate. Therefore it is important to use the coupled
reservoir model to check that such cross-relaxation effects are accounted for.

6.2 The Coupled Two-spin System

The coupled spin system problem was originally solved by Shumacher48. For this
system, illustrated in Fig.6-2, then,

é1'1= -R; (6;71-611) - Ryp (6771-651) (6.3)
6y1= Ry (0571-0.°1) - Ryy (8y1-011) (6:4)
letting
X= 61'1 - eL'l
y=61-6.71
yields

>'(=-R1x -Rypp (x-y)
Yy =-Roy +Rp1 (x-y)

solving for x then gives

x =aexp (-t/1,) + bjexp (- t/ 1) normalised, (6.5)
where

ap={1+[(1/7)-Ry1/[Ry-(1/ )]} (6.6)

b1=1-a1 (67)
and 1/1,=12{(A+C)+[(A+C)2-4(A-DB)]2) (6.8)

1/t=12{(A+C)-[(A+C)2-4(A-DB)]12} (6.9)
where

A=R1+R12

B=Ry,

C=R2+R21
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RL
L LSS, LSS S
_ -l 1
X R1~Tlp(1) ‘R2=T1p(2)
Rip
&
0, L)
1
Ro .
N, spins N, spins
Fig.6-2

The coupled two-spin system used to describe bi-exponential behaviour.
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y =asexp (-t/7T,) + boexp (- t/ T ) normalised, (6.10)
where

ap={1+(b;/a)[A-1/ 1 1/[A-1/151}" (6.11)

by=1-ay (6.12)

Now ;-1 - 0y -1is normalised which means that a + b = 1. The resultant signal is given
by as S = Njx + Npy.Therefore,

S = (Njaj + Npag Jexp (-t/T,) + (Njby+Nobglexp (-t/7).  (6.13)

What we measure in the bi-exponential fit is T,-1. What we seek is the tight tube
relaxation rate R;. Unfortunately R, is an adjustable parameter and the values of N; and
N, are subject to assumptions about the size of the chain end fraction. In principle there
are four adjustable parameters: Ry, Ry, Ry, and ( Ny /Nj ) and three experimental

parameters (a/ b ), T,, and 7;,. However Ry is the relaxation rate for a section of the

chain in isotropic motion and so may be set equal to T;-1. Furthermore N/ N is fixed
for all f; values. This should mean that the available data is more than sufficient to fit the
theoretical parameters and should therefore provide a test of the model. In practice this
proves extremely difficult because of the sensitivity of the fit to experimental errors.
Ideally therefore we would prefer that our data exhibited only weak cross-relaxation
effects and that Ry is approximately equal to 1,-1.This wili certainly be the case when N
is much greater than Ny which should apply for large polymers under conditions where
the chain ends represent a small fraction of the total chain. It should be noted that
significant cross-relaxation effects may be expected for small polymers when Ry is slow.

This problem is exacerbated for PEO and PDMS because of the slower " fast component
relaxation rate ", Ry, than that observed in PE. It must be accepted that some of the PEO

and PDMS data will not be amenable to reliable interpretation because of these effects.
6.3 Experimental Results

Table 6-1 shows the a, b, T, (fast component ), 1, ( slow component ) relaxation times
and also the " corrected " Ty,( 1) ( tight tube component ) relaxation times. These were
obtained using a double exponential fit program developed by P. Daivis4?. In the earlier
study on PE, it was seen that T, (1) was much less than Typ( 2 ) and cross-relaxation
effects on Ty,( 1 ) were minimal. In the case where f; was very small N, / Ny could be

fitted independently of cross-relaxation effects and corresponded to chain ends each of
length M. This seems entirely reasonable. In making the necessary correction for cross-

relaxation in PEO and PDMS the value of Ny / Nj is therefore set to 2M./ (M - 2M ),
T1p(2)is setto Ty and Ryp and Typ( 1) are adjusted to provide the best consistency with

a, b, T, and Ty,

The data is shown graphically through Fig.6-3 to Fig.6-6 for PEO and PDMS. Note that
the ordinate axis plots In Jo (2 ) since the J; and J, components of Tlp'l are given by

0.7T;"! at high frequencies and under extreme narrowing ( see appendix D ).This
correction is negligible at low frequencies but must be used at high frequencies.
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23k PEG 23k PEO 56k PEO
N,=0.62 N,=0.62 N, = 0.86
1 1 B 1 - e
T 2 = IS b= —
N=038 TP(=I g _gsp Tp(2)=ls |y gy Tip(2)=1s
[al o, Ty (1) [a] ¢ Ty (1)} [al g Ty, (1)
fi/Hz | [b] % Tip [b] 1% T2 [b] w% T2
0.56 0.124s 0.13s 0.57 0.100s 0.112s 0.81  0.038s 0.042s
333 044 0.66s 3s 043 0.66s 3s 011 02325 1.8
0.56 0.100s g,112s 0.75 0.039s 0.042s
833 044 0665 35 025 0.147s 1s
1250 052 01205 0.13s 0.79  0.0425 0.055s
048 0.57s 2s 021 0.234s 1.8s
2500 0.51 0.120s 0.13s 0.39 0.120s 0.12s 062 0.069s 0.077s
049 0555 1.8s 0.61 037s 0.8s 0.38 0.168s 1.1s
4000 050 0.124s 0.14s 0.30 0.124s 0.15s 051 0.082s 0.09s
050 0555 18s 0.70 037s 0.7s 0.49 0.169s 1s
6760 038 0.129s5 0.153s 039 01295 0.16s 0.64 0.135s 0.137s
062 043 18 061 0455 1is 036 0295 s
8000 0.%sﬁs
IOO(X) 0.11895
12500
0.27s
20000 1s
31250 0.32s
41700 0.39s
Table 6-1

The data from the two-spin coupled bath model



105k PEO 246k PEO
N;= 0.92 N; = 0.96
Ny= 0.08 Tp(2)=1s N,= 0.04 Tp(2)=1s
[a]l 7, Ty (1) (2] 7, Ty (1)
fi/Hz| [b] T  Ti2 [b] & T2
086 0.025s 0.023s
400 | 014 0095 LI
555 0.88 0.029s 0.027s 0.64 0.027s 0.025s
0.12 0.124s 165 036 0.04s 0.8s
833 072  0.029s 0.027s 0.64 0.030s 0.028s
0.28 0.54s 1.6s 0.36 0.04s 0.9s
0.51 0.043s 0.041s 0.048s
1250 049 0.063s 1.6s 0.6s
0.53 0.069s 0.066s 0.08s
2500 047 0.10s 1.1s 0.6s
ANNN 0.108s 0.110s
B 1.1s 0.6s
0.135s 0.137s
6760 1.1s 0.6s
0.29s 0.29s
12500 1.1s 0.6s
0.34s 0.37s
2 : 1.1s 0.6s
0.37s 0.39s
31250 L 1s 0.6s
0.40s
41700 L1s

Table 6-I cont'd
The data from the two-spin coupled bath model
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Fig.6—3 PEO( PEG ) Raw data
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Fig.6—-5 PDMS Room Temperature RT = 26C
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The effect of the coupled bath model on the raw data is to " pull up " the higher frequency
data. The model causes large corrections at lower masses and the corrections made to the
molar masses PEO 23000 and PEG 23000 diverged with small changes in the model
parameters and so could not be plotted with confidence. This behaviour contrasts with the
earlier study of Ty p in PE where the effects of cross-relaxation were insignificant.

Despite the difficulties experienced in interpreting the high frequency data for low molar
masses PEO above 20kHz, the data shown in Fig.6-4 corresponds to frequencies and .
molar masses where the effects of cross-relaxation are not severe. : -

The experimental error is difficult to establish a priori but it is indicated by the scatter.A
good indication of the experimental error is given by the deviation between the two 23000
dalton masses corresponding to PEO and PEG samples respectively.

The most dramatic feature of the PEO Jo( @ ) data is the separation of the molar masses
PEO 23k( PEG 23k ), PEO 56k, and PEO 105k data as f; is lowered. The 105k mass does
not exhibit a plateau down to 400Hz, the lowest frequency used experimentally.

In contrast with PEO and the earlier PE study, the PDMS exhibits no dependence of Ty, on
molar mass over the frequency range covered. The general shape of the data is seen to

remain the same at both room temperature and high temperature. A levelling of the graph
at frequencies greater than 20kHz is seen at both temperatures.

6.4 Comparison with Theory ( Discussion and
Interpretation )

6.4.1 PEO Data

The theoretical model of Kimmich involves the adjustable parameters Tg, Tj, Tg and a,.

By appropriate choice of these parameters it is possible to obtain fair agreement with the
main features of the data as shown in Fig.6-7 for PEO. The PE data of reference (13) is
reproduced in Fig.6-8 to provide a comparison with the PEO data. Table 6-II lists the
resulting correlation times applicable to the three-step model of Kimmich and the rotation
anisotropy constants, ay, for each is also given.

According to de Gennes the time taken for complete disengagement from an initial tube,
TRY, varies with molar mass as Tg =< My?3. This dependence is seen to be broadly in
agreement with the crossover frequencies shown by the data for PEO and is a major new
observation. The results for PE and PEO clearly indicate the capacity of T)p experiments
to provide a direct measure of polymer reptation times. Because the observed 1y arises

from a clearly defined spectral feature, namely the position of crossover to the low
frequency plateau, its measurement is unambiguous. By contrast the value of the

anisotropy constant aj is sensitive to the choice of 1;. In broad terms 1 is determined
from the high frequency slope of log Jo( @ ) vs log f; while a, is determined by the

height of the plateau below 1g"1. The degree of interdependence of a5 and 7 is indicated
for PE in Fig.6-12.
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Fig.6—7 Comparison with theory. PEQO( PEG ) 2-spin
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PDMS (26°C) PDMS (150°C)  PEO(150°C) PE (150°C)

) 0.01% 0.005% 0.09% 0.45%
0.7% 3.29%
- - -1 1
T, 40x10™ s 12x1070 4 40x107.8 5%10 1 s
30x10™" s 4101 s
T 20x10° M5 20x10° M 20x107 M 10x10 7 O
o | 250x100M3s 250x10M3s 40x10PMs  rox107 s

Table 6-1I

Correlation times and anisotropy constants for PDMS and PEO melts

The upper values for aand 7 5 correspond to direct calculations from T while
the lower values relate to T4 values from reference (51)
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We would expect aj to be a function of the monomer structure but not the molar mass.

Immediately we notice that T;is apparently independent of molar mass since the
dispersions for all molar masses are coincident in the intermediate frequency regime

To(®) = 2ay (20 ) 12712 (6.14)

The role of 1j and a; is indicated in the schematic diagram for Jo ( ® ), Fig.4-4. At 1;’!
the slope of the dispersion changes from -1/2 to -3/2. In Fig.6-12 it is apparent that where

111 is in the vicinity of the low frequency plateau the choice of 1 influences the "vertical
separation" of the plateau for different molar masses. This provides a useful aid in fitting

for t;. However where 77! is much greater than tg-1, its influence on the plateau

separation is minimal. It was apparent in fitting both the PE and PEO dispersions that the
magnitude of the plateau separation between the two lowest molar masses was consistent

with this limit. In particular, T <2 x 10-7 s. However, it was also apparent in both the

PE and PEO experiments that the slope of the Jy ( 2w, ) dispersions, at the highest
frequencies employed, was significantly steeper than -1/2, indicating that the crossover at

717! had been reached. This placed a lower limit on 1. The best fit to the PE and PEO data
yielded 1y = 1 x 10-7 s and 2 x 10-7 s respectively.

Having determined Tg and 7, it is then possible to obtain a value for a;. In PE and PEO
the high frequency crossover at 201 = ( ay7;"115-2)1/3 is not visible but the low frequency

plateau at Jo (@ ) = 2a; ( 27y7g )-1/2 is clearly apparent for the lowest molar mass of
14000 and 23000 respectively. To fit this however requires an absolute relationship

between the term Jg (2w ) and In [ Tlp (1)1- 0.7Ty-1]. This is established by equating
the high frequency plateau ( ap71152)13 <20 < 15110 0.3TL.

The magnitude of the high frequency plateau depends on g, the correlation time for
segmental rotation about the bond. This can be directly obtained from T measurements
since

Ty 1=(3/2)¥R2I(I+1)[J;(wy)+Tp(20g)] (6.152)

Ty is sensitive to high frequency motion arising from the isotropic (1 - a5 ) fraction of the

motion. Since ( 1 - a; ) is approximately equal to unity the expression for T;! is given by
the isotropic high frequency limit

Til= (Y*R2/10)T(1+ 1) (pp/ 4m)2(215) (6.15b)

where the factors of ( Lo/ 47 )2 and the internuclear vector, 1, raised to the sixth power

have been included to provide the absolute fit. The value of r is 1.8 Angstroms>0. The

isotropic high frequency limit assumption gives 5 x 10-11s and 4 x 10-11 s respectively
for PE and PEO. This disagrees with more direct high frequency spectral density
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measurements by Kimmich and Schmauder>! where 1 is found to be 4 x 10-10 s and 3 x

10-10 s for PE and PEO at 150°C. Table 6-II shows ay values calculated using both
approaches.

Referring to Table 6-II we see that the segmental reorientation time, Tg, and the tube
renewal time, Tg, of the PEO melt are both shorter than those of the PE melt. However the

time scale for reptation around tube bends, 1;, appears to be larger for PEO than PE. Thus

the smallest distance scale molecular motion, namely the rotation of the bonds occurs
more rapidly in PEO than in PE and the largest distance scale molecular motion also occurs
more rapidly in PEO. In other words a new chain configuration is achieved in PEO faster
than in PE. The observation of more rapid segmental orientation and tube renewal motion
in PEO is also consistent with the observation of smaller anisotropy. In essence, the tube
is " looser " in the melt of PEO than in the more compact PE structure.

The difference in the 7| values is an apparent contradiction. Furthermore it is noteworthy
that in both the PE and PEO experiments, 1; is apparently molar mass independent. If 7;

arose from reptational diffusion of the whole chain then it should vary as M! within a
particular polymer type and should also reflect differences in overall curvilinear diffusion
rates between different polymers. The molar mass independence suggests that diffusion
around tube bends is governed by the motion of semi-local sections of the chain
independent from the whole. This would arise from " stored length " effects illustrated in

Fig.6-9. In this case the different 7; values in PE and PEO may reflect different stored
length fractions.

6.4.2 PDMS Data

In contrast with both PE and PEO, the PDMS melts at both 26°C and 150°C show no
evidence of a J (20 ) plateau, thus clearly demonstrating that Tg is much larger in this
polymer ( refer to Fig.6-10 and Fig.6-11 ). In PDMS and over this frequency regime g
is therefore unmeasurable. We may say however that its value must be greater than about

5 x 10-16 M3 5 since separation of the lowest molar mass occurs at frequencies lower than
500Hz for all molar masses down to 10372 daltons.

In PDMS a high frequency plateau is clearly visible. 75 can be found from the height of the
plateau and by allowing that a; = 1. By contrast with PE and PEO, and consistent with the
notion that the frequency scale is laterally displaced for PDMS, the high frequency
crossover at ( 257171752 )1/3 is observed.

The slope of the graph at frequencies below the plateau region is somewhat dependent on
ay, the anisotropy constant, but mostly depends on 1;. The degree of interdependence is
indicated for PE in Fig.6-12. In practice both the position of crossover to the plateau and
the slope below the plateau may be used to separately indicate 7 and aj. These values are
shown in Table 6-II. Reference to Fig.6-5 and Fig.6-6 shows the slope of the graph to be
approximately the same at both temperatures of T = 260C and T = 150°C, the value of a)

decreasing as the graph shifts downwards along the ordinate axis. In broad terms, as the
polymer melt is heated the chain becomes less restrictive and motion is freer.
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Fig.6-9
Schematic of chain showing " stored lengths "
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Fig.6—10 Comparison

with theory. PDMS RT = 26C
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Fig.6—11 Comparison with theory. PDMS T = 150C

3
o ' % 584702
. s 253303
4 ® 169482
A 72596
+ 10372
1...
d
O_.
[ ]
_l 1 i ] ]
6 7 8 9 10 1

In f1



=

101

» e o @ T]=1X1O'7S

*++ T=2x107s
PE 32000 : ~—= T =4x107s

T e
@ + P

i [P + \t\\ ¢,
e *
U
N
ap = 0.009 TN
' >
PE 14000 ™~u
\\
\
M,
{@ .
L A Y
Nt o+
Nt +
\\ T~ L 4 qlao.ao4
N
Fa,=0-00q

Fig.6-12

Low frequencies: The spacing between PE 32000 and PE 14000 is affected by the
value of Tyas shown for an anisotropy constant of as = 0.009. For a, = 0.004 the
spacing remains the same.

High frequencies: In contrast with low frequencies, the a, value is now seen to affect
the slope as shown for ay = 0.009 and ap = 0.004 with 7y = 2 x 10”7 s. The 1[value
also affects the slope at high frequencies as seen for 7)= 4 x 107 s, ao = 0.009.
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Chapter 7 Conclusion

This mystery has been revealed so that you
may know the interpretation and that you may
understand ... The Book of Daniel 2:30

This thesis has described a study of molecular motion in polymer melts by using NMR
relaxation time measurements to probe the spectral densities of fluctuating dipolar
interactions between nuclear spins. The theory of polymer melt dynamics was introduced
in chapter one together with'the relationship between NMR relaxation times and spectral

densities.

A major component of this work was the development of new apparatus and software and
the extension of the theory of methyl group relaxation to account for the spectral density

Jo( @1 ) which dominates T, dispersions.

Ty measurements have been obtained for the two polymer systems polydimethylsiloxane

( PDMS ) and polyethylene oxide ( PEO ) and compared with work on polyethylene ( PE ).
The essential conclusion of this work rests with the compantlvc time constants shown in
Table 6-11.

While the Kimmich model does not give an exact quantitative fit to the data, the broad
features of the model are clearly represented. The remaining discrepancies could arise
from some of the assumptions in the model. For example, the exponential distance-
distribution of the nearest tube bends for the microstructure of the chain is assumed. Also
the validity of curvilinear diffusion within a stationary tube is assumed. ( That the tube is
stationary is problematic as it contradicts the growth and shrinkage of folds ).

While ap, T, and 7 arise from fits to " indirect features " of the spectral densities, Tg
arises from a " directly " observed spectral feature namely the observation of the
crossover frequency, Tx"!. In both the PE and PEO study the low frequency behaviour is
consistent with the de Gennes reptative mechanism for tube renewal since the associated
spectral features follow the molar mass scaling law Tg < M3. This is the first time that the

reptation time has ever been measured directly and microscopically in polymer melts. In
PDMS the reptational motion is too slow to be observed even at the lowest molar mass
employed.

The second significant observation arising from the present study is the independence of
T;on molar mass in all polymer melts. This is a major new conclusion not previously

predicted, but in fact consistent with semi-local motion being governed by stored length
effects rather than whole chain motion. In the de Gennes model, chain reptation arises
from the propagation of defects in rotational conformations. The " engine " for such
motion is the chain segment rotation. Table 6-II shows however that the " chain friction "

may differ considerably between polymers as is apparent in the vastly different T but
similar T values for PDMS and PEO. A clue to these effects is given by the rotational
anisotropy parameter ay. This varies dramatically between the polymers. First, compare

PEO and PE. In PEO aj is a factor of five smaller and 1y is about 20% shorter. It is

reasonable to assume that the alternating oxygen atom in PEO permits free rotation by
separating CH, groups in the same chain. This freer motion may then lead to a more
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disordered structure consistent with the lower aj value. PEO tube renewal occurs twice as
rapidly as in PE. However it is apparent in PDMS, despite segmental anisotropy some two
orders of magnitude smaller than in PE, that the reptation is much slower than in either of
the other two polymers. We might possibly conclude that the methyl side groups in PDMS
cause a much greater friction for lateral motion. This conclusion needs to be verified by
some independent study. A suitable method would be the direct measurement of
translational diffusion in PE, PEO and PDMS melts via pulsed gradient spin echo ( PGSE )
NMR.
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Appendix A

Spin-1 analysis of Spin-echo using cartesian tensors, the result being:

Spin-echo 901, -1 - 180 Iy : H=-Aw], refocuses all of Zeeman.

Spin-echo
Consider what happens to J, under 90 | . pulse.

J,17 y. Likewise J y— J. Hence a basis set consists of 1, Iy &J y-

p:: I+ax Jx+any

Now p=-idw[p,,]

A= A(x)ay
ay= -Aw ax

" ay( t)=cos Awt.Jy +sinAwt.J

ax(t)=cos Awt.J, - sinAmt.Jy

901, 180 |

—

J,— Jy.-> cosA(z)t.Jy
+ sin Aa)t.Jx

Fig.A-1
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After 180 Iy Ty -J

- X
Jy—>J

y

This means that cosAmt J y + sin Awt I, becomes, following 180 ly

cosAmt [ cosAmt Jy+ sin At AN 1+

- sinAot [ cosAwt 'Jx - sin Aot Jy ]

Taking the average over the inhomogeneous broadening A® after a time T yields

cosZACDT.Jy + sin 2A(D’C.Jy
=1,
i.e Refocuses all of Zeeman ( Aw ) attime 2t from901_ .

Similar analysis applied to a solid-echo results in the following :
Solid-echo 90I,-1-901, : %= APT, - AwJ,
refocuses half of Zeeman but all of quadrupole.

0-1 -90IX : H= APT_- AwJ,
refocuses half of Zeeman and none of quadrupole.



Appendix B

This appendix shows in detail the derivation of J, (@) and J (@) following the
procedure given in chapter four.

iY . .
Fl(t)= _e__é__ [sina sin2B + \/3_sinoccosZB - (i2) sin20cos 2B
4r

+ V3 Gn2asin2p + 2isin2a]
2

= ¢i (1)1 + q)f (t).sin2B + ¢i(t).0082l3

where
1 if i f2an 1
_ e . . - _1__ i
¢1(t)~ e (2isin2a) Vs Y, (oY)
v ]
¢2(t)=-9—1— ( sina + W3 sin2a. )
1 4r3 2
L [8n 1 L [87 yl(a
L [3n yiayy - — [3E Yi(ay)
N3 e Iy e
3 eiY ) ]
¢’1 (t)=—4——3—-(\/§—sina - (if2)sin2a.)
r
1 i
T 1 24 1
=---——/__._Y ay) + —= [Z=E Yl (a,
r3 > 1( Y) 12r3 S 2( Y)
Hence

1% 1 i [Ar /241: 1 -t
t)>= - X - [J&£In 2
<¢l (t+ ’C).¢1( ) 303 5 " S X 7= Xe

= 2 . Un
15r 6

2% 2 I gg e-i/ﬁ 1 gg e_[/TQ
t)>= 2n + ST
< ¢1 (t+ 7). ¢1( ) 56 3 Ix =% 5 Iz
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1 -t/11+ __1____ -

248 6 °
* Similarly
3% 3 Iy 1 -1y
< ¢1(t+'c)¢1(t)> = ——8-;6-6 208 e
Therefore

<E(DE(t+7>= =2 ¢ Lo, Lo

15r6 486 80r 0
o Lgm 1 Uy
161 240r 6

=L (3" 45V 4 gVR)

60r 6
v <1 -1 , -1
: where 11 =11 + 1,
This gives the resuit
87 5T, T,
1 2 1 2
(o) = ——{ + + ] QED
1 2 ) , E.
30r8 ° 14 021y 1+ 027 1+ 2%
In the same way

2iY
_ c . . .
E(t) = =3 [icosa sin2B + iy/3 cos aLcos B

- 1/2(1+ cos?a. ) cos 2B \/_—-zé— (1+cos?q )sin2B + 2sin’a

= (1)1 + (t)sin2B + 3(t)cos2p
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where
21y ) 1 foen o
¢2(t) 3 ( 2sin 3 5 5
i 147 2 i 22T 2
2 = 1 [y —_— /-—-—— Y
¢2(t) 21_3 15 3 * 21‘3 105 5
B A, B [Bw
4r 5 2 4r3 5 4
:Z 2216 2
% (1) = 1\/— = 105 5
15
241 2 8w
) 3 \/ 5 Y2 \/
yielding
1 321:2 91:'2 7’C'3
Ty(w) = { + =+ -
30r 1+ w? 1) 1+ @21 1+ w2ty
3’5'4 11 T’S
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Appendix C

The exact expression arising from Eq.(4.52 ) is given below from Kimmich?

8j + 2abg,j cosdy;

1 0. .
Jo(20)) = X 2A
=0 bgj + 4a2b%,j + dabg; (9 cosdg; + 2a)lsin¢0,j)

’,

dj + 2abyj cosq)l’j

J(wg)= % 24
0) =
i 2 . : , :
j=o b?,j + 4azb1’j + 4dabyj (8jcosdy; + @sing,; ;)
8 + 2aby cosq)z,j
Jz( 26?0) = .":14 ZAZJ
j=o bg,j + 4a%3; + 4dabyj (Bjcosgy; + 20)03in¢2,j)

J1 (@) and J,(24, ) are both negligible at frequencies of @, .

2 €271 1.2
[ 85+ 021 = b

o®




From Fig.C-1 it can be seen that

hence

For example,

Also

cosd; 5 = L (1+cos 2¢i,j)1/2

V2

o1 1/2
sin q)l_]— —(1'0052¢ij)

?, Ji 9,
cosd; ; = \7—"12— [ 1+(1+co(i)21j2 )'1/2]1/2
sin q)i,j =\/__%_ [1-(1+ (D(i)ZTjZ )~1/2]1/2

a2 .1

cos §g o= \/% [ 1+(1+4m‘f1)"cr2)1/2] /2
i - L 22 yl2,102
sin ¢ g ﬁ[l-(1+4col1:r) ]

12 172
cos¢o,1=\/—;- [ 1+(1+4o)%1:32)1/2] f

: 112 112
Sln¢o,1=‘]_§-[1-(1+ 4o%12) 2yl

-1
80 = ‘Cr

-1
61 = TS
2a = (27 )12

boo = 'cr'l/z( 1+ 4co% 1r2 )1/4

bo =t (1 + 40)? 'csz A

Similarly for J; ( ) and JH( 2ay)).
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Inserting the above expressions into the Kimmich equation for J( 2 e, ) yields the various limiting cases.

For example,
(1) j=1, 07.>>1, 01,<<1

-1 124 112
T+ (21 )Yt

12 4 (?fcl)'lts'l + 2(2'61)’mfcs'1/2 'cs'l

= 2401 Tg  since T >>Tg

This term is minor provided the frequency is sufficiently low. In this manner the limiting cases of section
4.5 are produced.



Appendix D

The spectral densities of Eq.( 3.55 ) reduce to a particularly simple form for i 1sotroplc
rotational d1ffu31on26 namely,

Jo(w)=16(24/15)7./(1+ wt2)
Ji(®)=106(4/15)1./(1+ a2t 2)
Tp(@)=16(16/15)1./(1+@?t.2)

where T, is the rotational correlation time. Under extreme narrowing ® << 7" and the
high frequency, the J; and J, components of Tlp'l (Eq.3.55 ) become

(5/2)3;+(1/4)] =16(5/2)(@4/15) 1.+ 1°6(1/4)(16/15) 1,
=16 (14/15) 1,
The J; and J, component of T;-1 is given by
Ji+Jp=10(/3)1,

Thus the J; and J, component of Tlp'l is given by 0.7T;"! under extreme narrowing

112

conditions and high frequencies. This relationship is useful when extracting the Jy ( 207 )

spectral density function from T1p measurements.
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Appendix E

This appendix gives the program listings for the additional software and modifications
made to existing Imaging software*! in order to measure T1p.

ASCII -addresses

7000 004C LDA (704D)
7001 0045 IDA (7047)
7002 0056 LDA (7059)
7003 0045 LDA (7049)
7004 004C IDA (7051)
7005 0020 LDA (7026)
7006 0020 LDA .(7027) :
7007 0054 LDA (705C)
7008 0049 IDA (7052)
7009 004D IDA (7057)
700A 0045 IDA (7050)
700B 0020 IDA (702C) ;
700C 0055 LDA (7062)
700D 0053 LDA (7061)

v e

-

“

A dals BN alv Pl

“ e

Display " TIME us "

700E 0000 LDA (700F)
700F B8OO DATA

7010 C504 RMOC A,S ;X CO

7011 1800 LDM (7012)

7012 6500 DATA ;y coordinate = 6000

7013 1700 LDX O ;Initialise list counter ( Characters to be displayed )
7014 9129 STX ((B)+29)

7015 O02F1 LDA (7007 + (X))

7016 DA26 WDS 206

7017 0004 DATA S ;Set x coordinate

7018 DA27 WDS 207

7019 0003 DATA M ;Set y coordinate

701A OF02 LDE 2

701B 892A STE ((B)+2A) ;Set number of times to be displayed
701C DC39 WDS 419 ;Display character

701E 78FD BRU 701C

701F 1000 LDX (7020)

7020 FFAOQ DATA

7021 40FF BIX 7021 ; Wait while character is being displayed
7022 492A DMT ((B)+2A) ;Have we displayed the character twice?
7023 78F8 BRU 701C ;If not then redisplay

7024 0000 ILDA (7025)
7025 0700 DATA

7026 C084 RAD A.,S ;Increment the x coordinate by 1800
7027 1129 LDX ((B)+29) ;Restore list counter

7028 (C322 RIN X,X ;Increment list counter

7029 C520 RMO X,A ;Have all the characters been displayed?

702B CD20 SEQ

702C 78E7 BRU 7014
702D 7C00 BRU (702E)
702E  7DCO DATA



Display " LEVEL "

7030
7031
7032
7033
7034
7035
7036
7037
7038
7039
703A
703B
703C
703D
703E
703F
7040
7041
7042
7043
7044

7045
7046
7047
7048
7049
704A
- 704B
704C
704D
704E
704F
7050
7051
7052
7053
7054
7055
7056
7057
7058
7059
705A
705B
705C
705D
705E
705F
7060
7061
7062
7063
7064
7065
7066
7067
7068

0000
9000
C504
1800
6000
0701
8126
1700
9129
02C6
DA26
0004
DA27
0003
0F02
892A
DC39
0080
78FD
1000
FFAQ

40FF
492A
78F8
0000
0700
COg4
1129
C322
C520
6707
CD20
78E7
1800
4000
0000
9000
Cs504
0811
7400
7TE59
DC18
0000
DBOF
7801
7807
0122
C8C4
C844
0800
0255
C401
CD40
8002
7C00
7DCC
0205

IDA (7031)
DATA

RMO A.S

IDM (7034)
DATA

IDA 1

STA ((B)+26)
LDX O

STX ((B)+29)

ILDA (7000 + (X))

WDS 206
DATA S *
WDS 207
DATA M

IDE 2

STE ((B)+2A)
WDS 419
DATA A

BRU 7040
ILDX (7044)
DATA

BIX 7045

DMT ((B)+2A)
BRU 7040

LDA (7049)
DATA

RAD A,S

LDX ((B)+29)
RIN X.X

RMO X,A

CPL 7

SEQ
BRU
LDM
DATA
LDA (7054)
DATA

RMO A,S
LDE (7068 )
BRL (7058)
DATA

RDS 418
DATA A
TABZ F

BRU 705E
BRU 7066
IDA ((B)+22)
LLA 4

LRA 4

LDE (7062)
DATA

RCA AE

SGT

STA (7068)
BRU (7067)
DATA
LDA

7038
(7052)

;X coordinate
;y coordinate

;MCF = 1
;( Characters to be displayed )

;Set x position

;Set 'y position

" Display counter " = 4

;Number of times character is to be displayed

;Display character

;Wait for 80ps to allow for display
;Have we displayed the character twice?
;If not then redisplay

;Reset display counter
;Increment character pointer

;Have all characters been displayed?

;y = 4000

;x =-7000
;Memory ( Level )
;Branch to three digit display

; Test for lightpen hit
;Branch to 705E if test positive

:Maximum allowed

(706E + (X)) ;Level store
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Run processing

BRLL R 1. Calculate N first
MU H. A 2. Get Level; convert to hex. and store
5
o1y O
OO0 (7075

DATA

RMO AL B

DLD LR+ (K) +0)
RIM X.X

DG LA 4
} o a
4 5w

Coao .
TEO B 7aTE
TOID TEF9 BRU 707
TOTE  CSR0 MO X6
TOTE  CR41 LRa L

TOEO  B4OO0 GTE (L7081
708 DaTs
TR LD& (74
TORIT  CEO0& 00 BEMO ALE
TORA 0400 DA o

e
Fors  Tosb [T

[
FOoss  Ciag LR
i

.
ToOREO0 MY LFOER

Ty
3
f’ E Y
DOLS DATE
CH12 FepAl
Q400 LD

;
TR DATA

CROE LLA
CHar LA
FEOG MEY
Coyz RAD
LD
DATH
L& O

LREe C
Al A, X

bt B B
I

s
-
L

3

Xy 6

(0T

T

e
LS
Pt
i

"')‘f )l“:"_)

b}
Frgo’
Ty
o]

TFOYE s (L7099
ToRY

TO9A

T n
T ed T
3

{
T

Ki) —(4

Fen
7
2
s
L —



TEOO

TERS

po.

OO0 0
oD
=1
1M
SO0
QOO0
1800
a5
1700
O77F
neEe
OO0

07846

L8
EYuin

"

LGE

YT
DaTH

Fepil
LOE
RO
STE
FIRM
Fid
CFa
SEE
BRU
HRU
DaTH
LA

DaETH
“@Ta

LI

DaTH
LD

DaTA
Fepild

5 4

LOR

LTy

L

LaTH

R
na
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Fa

e . ‘ Initialise variables

Ly

E.X

(B {0y +1ED

v v

Ay A

g4 ;
14

(TR0

(7010

haracters i

b

-
i

vz 1o diaplay

F‘

Display keypad and test
for lightpen hit




T4
F047
748
nae
PR
TD4AE
7040
704D
Th4E
TUOAF
TLEO
"‘.sz:' ”

THER

7DEO
Fhéal
TD&E
TINE
FhEA

nr11
CLa0
TRO%
&F}ﬁ
g BTAY

24
CO5
?&b@

OTTE
Df 8

0000

D00
2000
CEO4
1800
GO00

Bl
7()’:}3

D1Es

&HFELD
G

Y m o o
ST U
coz

]

G

jax

rfaLi
Bk

D&
WHE
DATH
LDa
Whe
DaTa
LD&
DATA
G
LM
DaTH
DLD
ERL
LEe

SNE
BRI

&

To i

B
FHEL

S5TH
M

X, X

CORY +28)
T

£, 5
[704F)

&G
o

AN

e ‘;ag: TRED

.L« 1

Zplay m*mr”zs‘ hfb°=
- ’}- fj_! T ‘,_g

Te down T fine

ve dowmn one Hne a

Eranch o st of display rontine

g
tend of oW

buffer

Diplew }-:é"aad huffer
rith rcniior mode

\‘1"“, ":’;1{‘“

CAEE i3

JREEET LN saA F Temeeard 5 ln P ARY
B U paelecwd { DEnohn TETA G

i to oty TR

B

Lightpen hit detected
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Store selected character
in keypad buffer

T

P -71?" e ¢
PERURINS)

TOVA 7R3E0 BRU (B +30 STomodif

=
]
~§
3
~J
jax
-
I
fua)
T
-
~}
o
f-3
*
k
]

Display six nibble hex. digit
. in AE register at coordinates ( S,M )
7DFE O FCO0 BRLE g ity
70RO TFOL DaTH JBranch 1 TR0
7haEt TEOO0 BEL (7082 “
7has  TFOE DATA
D@4 DAZ WhE 204
TRas oond - DATS B
To8s  DART WDhE 207
TRET  O00%R DAaTE M JHetw onondin
7REE O70Z LD& 2 by b o fmes dianlaved 0
7oEy g128 8T8 CLRY+28) “ e MR
T0EA QORO0 LI { (BRI {XI+0)
ThEn  DCEY WDE 419
7onas oD DaETH &
7oRn 78FD BRLU 7DER
TDEE 1000 COLDX (708
70arF  FFaO DETA
TOW0 4GFE BIX  7DRO
TRl 4924 T (R 2680
TowE  78rg Bl 7DhHER
TOYE O0F4 LD (TDEE)
o4 COgd Rl A8
FOEE L9028 DMt LBy +28)
P TEES BRLV FL
R L 110 T T 2

1 eoondinate of chafactsy

TDYE ((E)+26)
7RG
TDYA
TOY9R
TG

mn“ (‘)‘rs

F\F T4
LDE Q?DQC}
DATH
R
I
DATH
LIS

P

o § - s - Ty sy -, -
argh W TFSS ¢ Hew wo Decumal 000werauo )



7DAD
TDAE
7DAF
7D
7DEL
THED
VDB

TORE
TOR7
7DhRa
TDEY
THBA
TOER
TOEC
7OEBD
TORE
OB
TG
TRCL

Do
FDROE
?ﬁﬁa

7RO
7DC7
ooe
O
70
7y miﬁi
/'e L‘( C
LD
JDOE

TOCE
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HRL. 7
LD {
F‘ 1 .‘_.1 |2‘
LD {
BRI 7D
FDes 41
0O00 DATA A
CDEOF TARZ F
TELIG BRLE VRO
SO LDy {f"ﬁ"?k;fﬂ
REL ff-‘x 5 i"?
DA {
DaTE
REO 5.8
I L! {
M0
DT
FRL
LD
SUR
STH
7 f, 00 BRU
O DaTa
7 ; BRU 7DRCC
BRU 7DAA

e ¥ encriingme of addreas

1wl n:: Ty widress one By 190
st oorter and w3t fo7 2800

4

I quvt firdshed Deanch 5 7DAd

Beatore gm'n‘i"ﬁ,uﬁ"ﬁ one

(Displey tme | p2 3 then brsch 1 7DCC

Time rontine - Lightpen hit on data

i DLD
A DST eEE one
76 ERL.
7aE BiRLd

Scroll time display

Gy DA (B 4

S NZ

4 h his] I:,g‘f;




TESE
TEGF
7E&D
TEAL
TELZ
TEEE
TEAL
TE&D
TE&E
TE&T
TELR
TE&D
TE &M
7

&HPEE

q1326
Q701
Bla7

- q s
Lt

7881

700
ZEOOC

CELo
it
CEol
Q70
83128
0700
CEES
B0
DEEE
QOO0
D&EET
s1ely
G700
2LEA
QOEO0
DL

GOBEG

CPa
ShNE
BRU
LD
&GTH
LD
ST
5TX
ERU

BRU
DaTH

Z{i
L&
RO
L.DA
STH
LD
LD
ERMIN,
WDE
DATH
WDE
DaTa
LD
8T8
L

WS

"

T m o m
SOTe NE O OTE e I
o B R

F
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Modify mode routine

(7EEE

Display three nibble hex. digit
in E register at coordinates (S,M )

imn

.

By +28)

2o Lo T e [T

ot

4
f, X

206
-
b
207

M

5
]

{3y w257
LR (E Y0
i%

~¢ 11
oo
-
&~

-

o T
i
- 10

FESD

CORT 250

TE&E

7B Ty TR
&, 58 v comid st b ulu
3 )




FEHD
TES

oo o o 1ty

Pl ok e 0

7ESE

7E8Y

FIE8A

TEAA

FEAE
PASXA1™

TEAD

OO0

Q000
O01E
0049
OO0
TOCH
THFE

.y 2
[STNT A

OF Q0
O &
OF
HBOFA
1700
BROER
Carc
cg7ve

£a

O
CEEO
w19
514

CORD
CoUl
ACETD
4EE4

Y

S
SOEHR
BOEE
OO 1

E704

GO0
CEFC
QOET

R0EL

DA
DaTH
L
L5
LD&
BRI
BRU
DA
L5
L.DA
DTS
B
LLDE
DATH
RAaN
L.DE
DnaT
DA
G165
LDX
DLD
LD
LD
SN
DLD
LD
LED
Bl
VI
LD
R0
R0
oL
R&D
RED

™

j R v

DT

BRLU
DA
SLIE
576
STA
DA
A0D
ITH
BRL
DA
DATA
STd

T
[s%)
R
o

i
4

£ et

)
T
.
S

[N

|

'

i
o oah o T

i¥

'1
3
mv::j}v;_.».\./m

B

‘!’)‘
{
E
{
7
(5
7E

P e e

(7 (%)
(7

E 6

[#]

(7TERT)

&

(7EBT)

Uy

(7ERO)
iC
1C
£ M
(7ERD)
10
10
TERA .

(7EQS)
(7E99)
L7ESD)
4
{TEID)

=l

Lo g e

SUDIOUNNE 10 40U 111 UCULLIAL | £pls J W {1y
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Only the last six hex. digits are added
and the first two digits are preserved

Digit cotmer

i B = 000,

Flace digh In corpest Josadion

aa ote "

Firish
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Ll

s

i

-

e

-
i)
<
QL
<=
=2
£
=
=
X
(2]
2y
vt
[=h
4
A

in A,E register at coordinates ( S,M )

<
- 1l
-
£3 0

o
e
Do ]
() N
‘.u\ o, 34
22] 4
L)

- o]
et Ly
5 fxy
= [
e _—
by

- -~ -

a1 —~ —

{4 <L R

3 b e

o il .

j48] IS p [

. - - - —

WL e BT of L L e =
s o ot
L 45

SN i oy oo P,
- < <L <X L O AR A T N S o R A S
<L Lo PO - i at BN B A
S & X S R A by Py

4

E

b

TEF
i

=
) ]
y
3

s

{

.,.f &=

-
£

cation to store selected character

.

M

A4
:
&
:
-
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2. Selected character
routine

OOk +3ES
(LR +200
LY

A
CLRD
({84

4

{

gk i In Tw:' hm ters

Time mode selected
Hex. to Decimal

ALE
TESL1

FFE&OT

T T
LTIV
Bateliin §ES
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Run processing

TE

S

a0
L

£

QO

FofRS BOFS

TOARD & .
R [¥TS

iR
aF

i
o g
= p—

TORO
TR
TORZ
TORT O B0E7 8Ta (7098

i
-a‘;x

("'),___{
A

-t
MO ALE
L CORY

hw
o
T

ot

TOR4 T CGAED DA ((7ONg
FORES 2000 aDD (TORE)
FORE  O10F YT 6

CEOL RMO 4.E
OB00 LDE  C{E) ¢
OA4ER LDA ({7083) )
OO [ATRIS ;
GETH

B AR

(7OTE)
At
E, S

(70N

COAD RAD

R,
Pl
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P
i

MEY  (TOAL
RO B 6
MEY 3

RO E, 6
ADD (70D

03
I
]
-
o

700D COAD RAD X, A
TODE  COAD FAD  ¥.8
TODE  COAD FAD XA
RO A, R
OO D& TO09D)
B0 8TE ((RY+0)
OB LDE (TOSED
9101 aTe ((Ry+1)
LDA  (709F)
o (R )
RIN X, X
BMO X, 6
CRL ((70EAY)
DATE
SEQ
RELl ?ﬂ&E
MO (7OAL
MO (708D
DG (F0A1)

e

wt

RU 7OF4
ﬁHU TOFG
LY O
ERU 70AE

Template shift

TOF& LD¥x O
JOFY LDa (7oFe)

DTy

RO &R

DA CRY 4+ (X)) +0)
I Qqﬁ

STA { (B YO
8 D G4

R Xqﬁ

Cre (71003

Dava
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Update times
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