Lawrence Berkeley National Laboratory
Lawrence Berkeley National Laboratory

Title
New Methodology For Use in Rotating Field Nuclear Magnetic Resonance

Permalink
https://escholarship.org/uc/item/4vf8s5pd

Author
Jachmann, Rebecca C.

Publication Date
2007-05-18

eScholarship.org Powered by the California Diqital Library

University of California



https://escholarship.org/uc/item/4vf8s5pg
https://escholarship.org
http://www.cdlib.org/

NEW METHODOLOGY FOR USE IN
ROTATING FIELD

NUCLEAR MAGNETIC RESONANCE

By

REBECCA CORINA JACHMANN

B.S. (UNIVERSITY OF UTAH) 2002
A DISSERTATION SUBMITTED IN PARTIAL SATISFACTION OF THE
REQUIREMENTS FOR THE DEGREE OF
DOCTOR OFPHILOSOPHY
IN
CHEMISTRY
IN THE
GRADUATE DIVISION
OF THE

UNIVERSITY OF CALIFORNIA, BERKELEY

COMMITTEE IN CHARGE:
PROFESSORALEXANDER PINES, CHAIR
PROFESSORDAVID WEMMER

PROFESSORJEFF REIMER

SPRING 2007



Abstract

High-resolution NMR spectra of samples with anisotropiodatening are simplified to
their isotropic spectra by fast rotation of the sample antlagic angle 54.% This dissertation
concerns the development of novel Nuclear Magnetic Resm{liMR) methodologies which
would rotate the magnetic field instead of the sample, i&tirg field NMR. It also provides
an overview of the NMR concepts, procedures, and expersneet¢ded to understand the

methodologies that will be used for rotating field NMR.

A simple two-dimensional shimming method based on harmooicector rings provides
arbitrary multiple order shimming corrections that areassary for rotating field systems, but
can be used in shimming other systems as well. Those resitisrstrate, for example, that
guadrupolar order shimming improves the linewidth by up facior of ten. An additional
order of magnitude reduction is in principle achievable bizing this shimming method for

z-gradient correction and higher ordgrgradients.

Additionally, initial investigations into a specializedilgse sequence for the rotating field
NMR experiment, which allows for spinning at angles othantthe magic angle and spinning
slower than the anisotropic broadening is discussed. Tilibewseful for rotating field NMR
because there are limits on how fast a field can be spun ancluttitfis of reaching the magic
angle. This pulse sequence is a combination of the prewiashblished projected magic
angle spinning (p-MAS) and magic angle turning (MAT) pulsgsences. One of the goals
of this project is for rotating field NMR to be used on biolagjisystems. The p-MAS pulse
sequence was successfully tested on bovine tissue samiedy suggests that it will be a

viable methodology to use in rotating field NMR.

A side experiment on steering magnetic particles by MRI gatd was also carried out.
Initial investigations indicate some movement, but foatateering control, further experi-

ments are needed.
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Chapter 1

Forward

1.1 The Thesis

Many PhD topics can be, well, boring and there’s no way thaiula do that! | wanted to
be on the edge of the impossible and | think that’s right wHesen. We're at an exciting
stage of research right now, and it's only going to get moratierg as things once thought
impossible become possible. Once when discussing my prejéta friend they told me that
it sounded like | was inventing the tricorder from Star Trékhe fictional, small, handheld,
device identifies chemical composition by simply pointibhgowards an area of interest. In
some senses this is the goal of my research. It seems impdsitrlake such a fictional device,
but I'm helping fiction become a reality. It's amazing how tleehnology of tomorrow is

arriving today.

Nuclear Magnetic Resonance(NMR) is different than the mitgjof popular techiniques
in that is doesn’t destroy the sample being examined. Thisesa perfect to probe the world
around us. Today we’re working ax-siturotating field NMR, and in the future it will be

completely portable which is a lot like the fictional tricerd [1] The basic idea is to have



Figure 1.1: A pictorial of an imaginary NMR tricorder whiclwd image, give spectra, and
identify chemicals at the push of a button.



a portable machine that can do chemical analysis and imagiregever you want without
disturbing the sample you are analysizing. For instanamutd take an image of a tree, like
in Figure 1.1, and also scan for the chemicals which make.itTups technique would have
endless uses, in field studies, like imaging a tree to see lhbwis, in a doctors office to see
broken bones, in industry to check the quality of a produdt iafbeing made. Accomplishing
this involves the convergence of multiple ideas, drawingfiNMR liquid techniques and solid

techniques, of which are both examined in this document.



Chapter 2

Introduction:

NMR Theory Summary

NMR has a beautiful beginning. One December night long adi®#b, three scientists, Pur-
cell, Torrey and Pound after hours of scanning finally detet small radio frequency signal.
Nuclear spins were detected. [2] Purcell was amazed "in theewof [his] first experiment...

[he looked] on snow with new eyes. There the snow lay arourg] ffoorstep -great heaps
of protons quietly precessing in the Earth’s magnetic fidll see the world for a moment as

something rich and strange is the private reward of manycodesy." [2]

There is a substantial number of well written works on thejectbof NMR. To gain a
general understandinpin Dynamicsby Malcolm H. Levitt gives good insight into the sub-
ject. [2] For more common pulse sequences and another vieferomseful understanding
Protein MR Spectroscopy Principles and Practlme John Cavanagh et al. [3] gives a thor-
ough explanation. The first few chapters of this thesis prtegeashort introduction to the most

relevant topics necessary to understanding the resegithpieesented in the chapters.



Figure 2.1:Angular momentum diagram.

2.1 Angular momentum and spin

NMR is the spectroscopy of nuclear spins when a magnetic iBgbdesent. Probing the split
nuclear spin energy difference gives rise to spectra sirtol®aman or IR spectroscopy. In-
stead of detecting in the infrared region of frequencies,RNMoks at the radio frequency
region. Nuclear spin is conceptually and mathematicatatied as momentum. It is there-
fore important to understand classical momentum (linear amgular) along with quantum

mechanical descriptions of momentum.

2.1.1 Classic angular momentum

Momentum is a conserved quantity based on the mass andtyebden object. The simplest
relation for the two quantities is linear momentumi, which is velocity, vV times massm,
P = mV. [4] For example, consider one ball striking a second baltheball will change
velocity, yet the overall momentum is conserved such fhat p,, wherep; and p, are the

total momentum before and after the collision.

Now, instead of a ball moving in a straight line consider anpaiass being swung around
on a rope at a distance;, from the origin. At any one instant the mass has a linearcitgio

V. This is the speed and direction the mass would have if the wags released at that instant.



This is its linear momentump’, but at that instant its angular momentumLis= 1" x p'.
Angular momentum is also conserved as the object turns, yew is perpendicular to the

plane of rotation. (See Figure 2.1) [4]

To understand objects with angular momentum examine a isgjriop. This top itself
is locally stationary; that is, it doesn’t move to anothecdtion though it is composed of
many particles moving circularly. Spinning objects haveexjfiency of rotation, where
the frequency would be related to the linear velocity= V' /T . (see Figure 2.1) Angular
momentum is often put in terms of this frequency, dependemncehape, and distribution of

mass through an object of interest such that:

L=mr2w=Ilw (2.1)

wheremT 2 is defined as the moment of inertla,

For non-uniform distributions of magsis defined as| = [r2dm Many moment of inertias

have been previously calculated and can be found in anyatdpdhysics books. [4] [5]

2.1.2 Quantum angular momentum

As systems become smaller and smaller quantum mechanieatsebecome more and more
relevant. In quantum mechanics properties such as enedyargular momentum become
guantized. [6] [7] This means that there are discrete enkenggls as opposed to a classical
continuum. The distinguishing feature of quantum mecharggstems is that particles and
waves are not distinct entities. This is known as wave-glartduality. Because of this duality

a particle of any size has a wave length associated withvigngaccording to the de Broglie

h

relation,A = D" where h is the Planck constant6& 10734 J s, and p is the linear momentum



of the object. If every object can be a wave then every objastehwave equation associated
with it. The wave equation for any system was proposed by E&ehodinger in 1926 and is

known as the Scladinger equation [8]:

ﬁZ
—om VYV =EY (2.2)

Hereh is equal toh/2m, ¢ is the distribution of the particle through space known as th

wavefunctionj = v/—1,t is time, ands; is known as ‘del squared’ and is given by:

, 82 52 &2

V :W+5—y2+@ (2.3)

The left hand of the Scbdinger equation can be generalized 6y, where 7 is an
operator. This operatog?’, will take different forms dependent on the system of irdeesnd

is known as the Hamiltonian.

The Schodinger equation reveals fundamental quantum numbers déisatithe the different
possible states (or energy levels) of a quantum mechanistda. Atomic quantum numbers
for electrons aren, |, m , s, andms. The first three quantum numbers describe the overall
energy and shape that an electron orbital can take; thewastéscribe the electron’s spin
angular momentum. [9] Similar to electrons’ angular mormentnuclear angular momentum
is also quantized and has quantum numkgnsis. Each of these is only allowed to be a distinct

integer or half integer value.

For electronss is % and mg can only take the valuésand —%. For nuclei, S can take
integer and half integer valu&s=1/2,1 3/2,... andmgranges from-Sto S NMR is focused
on the spin angular momentum of the nucleus. Nuclear spiffitén @esignated ak more

often thanSin NMR. Different locations on a molecule are called sitesr &ampleCHsz —



Figure 2.2: Populations split according to the Boltzmann’s distriloutiinto different states.
Here the splitting of a spii/2 in a magnetic field is shown. The two levels are classified as:
up, downja >, | >,o0r1/2,-1/2

CH, — COOH has 11 different sites by counting each atom. For NMR diffeokhemical and
magnetic sites will arise in separate frequencies, knownepiivalent sites. For the example
there are only 8 magnetically inequivalent sites. Eachunadent site can be distinguished
using a superscript, e.4f. (For a more comprehensive look at quantum mechanics @fed t

Sakurai’s explanations in Modern Quantum Mechanics. [6])

2.1.3 Spin angular momentum

Spin angular momentum, often shortened to spin is an intrim®perty of a particle. This
means the particle behaves as if it were spinning on its owsitegugh it's not actually spin-

ning at all. [10]

The atomic nuclear spin energie®sg, are equivalent until an external field, electric or
magnetic, is applied. This means the presence of a magngticlifts the degeneracy and
splits the nuclear spin energies. This splitting in the nedigrfield is the principle on which

NMR works. The interaction with the magnetic field is knowrtlas Zeeman interaction.

The difference inms energies ar& = u - B. Wherepu, the magnetic dipole moment, will



be discussed in the section 2.1.5. Commonly, the main madiedtl is designated to be along
the z direction,B, or B, leaving a splitting energy d& = i - B,. There are two energy levels
for spin 1/2 with an applied magnetic field.(see Figure 2.2) These cahdugght of as with

the field or against it. With the field is known as up spinsmr> against the field is known as

down or|f >.

The simplest case is for a spiri2, and is of most interest to the research presented here

because all experiments were done on nuclei with spi []

2.1.4 Boltzmann distribution

Whenever there are multiple energy levels, there will bestribution of those states. The
difference in this population is determined by the Boltzmalmstribution and will determine

the maximum signal that can be achieved.

Nm e(i%)
N o o @9
Zm:fl e’s

Here Ny, is the particular state of interesg is the Boltzmann constant, T is the temper-
ature, ancky, is the energy of that state. At room temperature the difieen population is

approximately 1 in 19spins. [2] [3]

2.1.5 Magnetic dipole moment

Substances capable of interacting with magnetic fields havegnetic momentum. Classi-
cally, the magnetic momentumgs= IA, where here | is the current in a loop afds the area.

For this case magnetic momentum is a quantity which is usédding torque on loops of cur-
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Figure 2.3: a) An ensemble of spins in no magnetic field. Thessgre aligned in no particular
way. b) When placed in a magnetic field the spins slightlyratigpre towards the field creating
a magnetization.

rent. As nuclei have a charge and angular momentum they haveent in some sense, which

is over an area thus giving a magnetic moment. Nuclei havenetegmoments proportional

by y the gyromagnetic ratio to their spip,= yl. [3]

2.1.6 Magnetization

A bulk sample contains an ensemble of spins. Quantum mezdibnieach ensemble mem-
ber is a superposition of the Up,> and down|3 > states. However picturing the magnetic
moment as a pointing arrow on a ball of spinning charge is algalid and often more useful

picture. (See Figure 2.3)

When a magnetic field is applied to the picture of pointingas in figure 2.3 the arrows
slightly align with that magnetic field. This is equivaleatthe stategoa > and| > distribut-
ing according to the Boltzmann equation. This alignmentl eg@use a small magnetic field

called the magnetization. The course and detection of tagmetization, depicted as a single

10



a) b) o) d)

B,, pulse
—_—

Lab frame g B,

Figure 2.4: a) The magnetization of a sample in a magnetid. fie)A rf pulse generated by
a coil is applied to the magnetization and it flips down to ttensverse plane. In the lab
frame the magnetization spirals down into theat the Larmor frequency. In rotating frame
the magnetization turns down to thg plane. In this frame the coil appears to be moving
at the carrier frequency. c)The magnetization has beerefli@® to thexy plane. d) The
magnitization precesses at the Larmor frequency in therkatéd, cy which causes a small
magnetic field. The precessing magnetic field from the smndetected by the same coill
which excited the system. In the rotating frame the magagtim precesses at the difference
between the carrier frequency and the Larmor frequency.

11



arrow, is the NMR experiment. (see figure 2.4 a)) [2, 3]

2.2 Radio frequency pulse

The difference in population or magnetization can be statad using a second magnetic field
generated from a coil. The frequency associated with tlusrafield is the Larmor frequency,
which corresponds to the splitting energy between the uglanah states. This field usually ro-
tates in the radio frequency (rf) regime and is describég} as- By (cos(aw it + @) i +sin(wrt+ @) j).
As the magnetization relaxes back to its equilibrium staggaal can be detected by the same
coil leading to the NMR signal. This radio frequency field rdyactive for a short time de-
pending on what kind of experiment is being conducted. Fetty, it is represented by a solid

rectangle and is called the rf (radio frequency) pulse.

In the magnetization picture the rf pulse rotates the maggtein towards they plane,
also known as the transverse plane, causing the magnetizatspiral down. (See Figure 2.4
b)) A pulse which causes the magnetization to end inghglane is known as a ninety pulse,

due to the angle it went through to get there. [2] [3]

2.3 Rotating frame

The apparent mechanics of how something moves depends drathe of reference. For
example, take a ball rolling across a spinning merry-gaxbUuA person on the ground sees
the ball go straight across, however a person on the mernpgod would see the ball curve.
The mechanics of what is happening is the same but the peroeftwvhat happens is different

depending on the frame of reference.

In NMR a mathematical transformation is used to simplify slgstem during the rf pulse.

12



This transformation is into a rotating frame of referen@dled the rotating frame. This frame
of reference rotates at the radio frequency, called theetdrequency. The frequency used
is close to or exactly the Larmor frequency. This means thstiead of the magnetization
spiraling down to thexy plane when excited, it turns directly down to tkeplane. (See Figure

2.40))

After the rf pulse, either the rotating frame or the lab fraca@ be used. In the rotating
frame the magnetization precesses at the difference betiveearrier frequency and the pre-
cession frequency of the spin. If only one nuclear site is@stample, and the carrier frequency
is on resonance with it the magnetization would not movehé&rherry-go-round example this
would be like someone running along side it. Then the santeoptre merry-go-round is next
to them at all times. Only one frequency could be exactly @omance if different nuclear
sites are present as they all precess at different fregeenthrough a reverse transformation,
the magnetization can be viewed from the lab frame agairhisncise the spins all precess at

their Larmor frequencies. [2] [3]

2.4 Bloch equations

The equation which describes the course of the magnetizistio

dM (1)
dt

=M (t)yxB (2.5)

HereM is the magnetization with three componemi, My, M,. The solution to this is
the magnetization precessing around the magnetic field eaftequencyw = yB. Wherew

is the Larmor frequency. [3]

The basic form that describes precession of magnetizatidn(i) = €%,

13
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Figure 2.5: a) The chemical shiftis caused by the main magfield in blue inducing a current
in the electrons which causes another field. This field is e&peed at the nucleus and shifts
the frequency of the NMR signal. b) The dipolar coupling @iy the magnetic field felt by
other nuclei. c) The J-coupling is caused by the nucleus efatom affecting the electrons in
a bond which then affect another nuclei.

2.5 Interactions and Hamiltonians

There are several different types of interactions whictugrice the frequencies for a given
site, their resonance frequency, in an NMR signal. The ggstione, the Zeeman effect, is the
dependence on the main magnetic field. Other interactionsrder of strongest to weakest,
are: quadrupolar interactions (if not zero), dipolar iat#tons(if not zero), chemical shift, J-
coupling, and spin rotation. The quadrupolar and spintianianteractions are not relevant to

the research described here and are only mentioned hererfgieteness. [2]

2.5.1 Chemical shift

Chemical shift is the indirect interaction of the main matgmield with the nuclei through the
electrons. The main field induces a current in the electromdd; this current causes a magnetic
field, B"duced gt the nucleus changing the magnitude of the field the nusieaexperiences
and shifts its resonance frequency. The amplitud@ ¥ °edto a good approximation depends
linearly on the main field such th&"duced— _gB. Whereo is the chemical shift shielding

tensor. Thiso is a second rank shielding tensor as the interaction isa|yatiependant on

14



the orientation of the molecule’s electrons and nuclearsspith respect to the magnetic field.
The total magnetic field the nuclear siteBg+ B"dUc®d— (1 — g)B,. So then the resonance
frequency for that site i&» = y(1— o) B,. (See Section 2.5.3 for more details on the chemical

shift tensor.) [2] [3]

2.5.2 Dipolar interactions

Also known as the dipole-dipole coupling, the dipolar iation concerns spins interacting
with themselves. Each spin is magnetic, thereby each spates a field which influences
neighboring spins. The interactions are mutual: one inftastthe other and vice versa through
space. Since it is directly from spin to spin, this interawtis also called the direct dipole-

dipole coupling. [2]

2.5.3 Jcoupling

When two nuclei are coupled with the help of the bonding etecbetween them it is known
as the indirect coupling. This is an important interactiorcs the direct coupling (see section
4.2.4) is averaged to 0 in isotropic liquids. This means thatspin-spin coupling can still be

seen in a spectra, and that the chemical bonds are still peatged in the experiment. [2]

Hamiltonians

Every NMR interaction can be described by an appropriateitiaman. For NMR, only the
nuclear Hamiltonians which describe the above interasteme of interest most of the time.
The Hamiltonians are used in the Saotiiriger equationiﬁd‘ﬁ—gt) = Y (t) and can be used

to theoretically describe the observable quantities ofséesy. Hamiltonians are described in

15



terms of spin operators. Spin operators are the repreg@nt#tthe spin angular momentum

and are denotedy, |y, andl,. These have a cyclic commutatigh, ly] =il ,.

For high-field NMR experiments the spin interactions are mhated by the large Zeeman
effect along B. The full nuclear Hamiltonians are not needed for most datmns because of
this dominating interaction. Each term which does not cotemith the Zeeman interaction
is eliminated. This truncation of the Hamiltonian is knovaithe secular approximation. The
secular Hamiltonians for chemical shift, dipolar coupliad j-coupling are organized into

table 2.1. [2]

16
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Table 2.1: Hamiltonian table.

Solids

Liquids

Intramolecular

Isotropic

Anisotropic

Chemical shift: Indirect magnetic interac-|
tion of the external mag field & nuclear spin:
through electrons

loc _ R0 induced
B{" =B +Bj

indicates locaé™ environment effect in spec-
trum: shifts line down stream and spreads of
multiple lines

A~ —y; 8 ©)Bl

5

ut

H3(0) = B8h(0)1

j[?ics iso _ 7),1305}50”2'

yiB°(L + &%) withdrawn e —

increased

&
Il

A=~y 54O)BOz; 8)(©) = | dOsl(O)P(®)

Dipole - Dipole: Direct magnetic interac-

tions of nuclear spins with each other; splits

line in spectrum

,2zDD, full o
./[,’ik u =Dbik(3(1; -ejk)

(T-ep) —Tj 1)
= Hoyinh
bjx = an 'j3k

Homonuclear

HARP©K) = dik(@lzlk

,ij )
1
dik = bjk > (300§@jk 71)

O is the angle between the vector col
necting the spins and the magnetic field

Heteronuclear

HRP (©jK) = d2jplkz

djk = bjk% (300;@1';(71)

All orientations are equally probable, s Homonuclear

m
/0 dOsine(3cod® — 1)

HARP©OK) = dik(@zlk

*ij'ik)

1—
djk = bjk§(300§@jkfl)

Heteronuclear

HRP(O)) = dj 2zl

1—
djk = bjk§(300§9jk71)

J-coupling: indirect spin-spin coupling, in-
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Table 2.2: Chemical shift spherical tensor entries

5 T
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+1 2 +1 2
A2 Ox— Oyt (Oyxct-0y2) T@ IxBx—lyByi (1xBy—lyBx)
12 2 +2 2

These interactions are all second order tensors, mearahthekty are represented by a 3 by
3 matrix. Each tensor interaction could be split into a ghatbital part and a spin part. This

more explicitly written out for an interaction’s Hamiltam is:

2 4k K K
S =A(lab)-T(lab) = 5 Y (~1)'Af (1ab) T (1ab) (2.6)
k=0g=—k
Sometimes a more convenient notation for quantum mechaamedysis of NMR is the spher-

ical tensors notation. (See table 2.2 for chemical shifesighl tensors)

2.5.4 Isotropic and Anisotropic interactions

Each interaction has a spatial dependence on the magnédicTiee spatially dependent part
is called the anisotropic interaction while the spatiafiggependent part is called the isotropic
interaction. An anisotropic interaction is dependent om dnientation of the chemical site
while a isotropic interaction is independent of it. The ahispy is also motion dependent,

rapid motion from either molecular tumbling or sample spign(See Section( 4.2.4), can
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average the interaction to zero. On the other hand the [@otinteractions appear in every
spectrum. A spectrum that only shows isotropic interadtisncalled an isotropic spectrum.
A spectrum showing anisotropic interactions is called asaropic spectrum. The isotropic
spectra usually have sharp, distinguishable peaks in gendihe isotropic spectra are the
easiest to understand and give scientist the most usefal ddte information in anisotropic
spectra is considered to be an overload of information fioerspins and gives limited insight.
Anisotropic spectra consist of broad, indistinguishaiertapping peaks (when there is more
than one site) in general. The particular shape of an aoigiatspectrum depends on which in-
teraction the anisotropy is arising from. It could be as $ex@s a wide Lorenzian or Gaussian,

or as complex as a powder pattern (from the chemical shi$odrapy) as shown in Figure 4.7.

In liquids the rapid motion of the molecules averages outahisotropic interactions. If
a sample has any general alignment there will be anisosopome examples of aligned

samples are: solids, liquid crystals, tissues, bicelld,sami-solids.

The anisotropies are the second rank tensor interactiotfseitdamiltonian. These in-
teractions in high field NMR can be generalized to having asdorder Lagrandre poly-
nomial, P> (cosf) = 1/2(1—3cog ), dependence with their orientation to the field. Sec-
tion 4.2.4 shows the origin of this dependence. Becausagsitmple dependence anisotropies
are often mechanically averaged out by fast sample spinairige angle of 54.74 where

1/2(1—3co€) = 0. Another, way to average them is to use specialized rf pu[&]

2.6 Relaxation
After a system is excited it will return to its equilibriumasé. The equilibrium state is described
by the Boltzmann distribution. The way in which an excitegtstgets to its equilibrium state

is referred to as relaxation. The NMR system has two sepegtteation processes. The first
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is the build up of magnetization along the main magnetic fielthez direction and is called
T1, or spin-lattice relaxation. The second is the decreaseagn@tization from thay plane

after a rf pulse. It's called>, or spin-spin relaxation. The Block equation includingaseltion

is as follows:
My (t) y(My (1) Bz (t) — Mz (t) By (1)) — RoMx(t)
dM(t) d
dt - a My (t) - V(Mz (t) Bx (t) — My (t) B, (t)) - RZMY (t) (2.7)
| Ma(t) || v(Mc(®)By (1) ~ My (1) Bx(t) ~ Ra (Mz(t) ~Mo) |

2.6.1 Mechanisms of relaxation

Relaxation is caused by the magnetic field fluctuating at tioderus of interest. The fluctuation
is caused by changes from dipole-dipole interactions anthéyhemical shift anisotropy as
the molecules tumble, even in liquids, which may seem ssingibecause the interaction has
averaged to zero through the molecular motion. An averagegter, is not representative
of all times. On very short time scales these interactioitisrsftuence the system and there-
fore cause relaxation. (See section 4.2.4) For those spaatey than 12 the quadrupolar

interaction will be the largest contributor.

20



Chapter 3

NMR Methodology

The basic equipment needed to conduct a NMR experimentdaslthe magnet, the spec-
trometer and the probe. This chapter will focus on what tla@seand how to use them in the

lab.

3.1 Magnets

3.1.1 Superconducting magnets

A current flowing through a wire generates a magnetic fidlBl—= k'df—;f(Biot-Savart law).
This is the basic principle behind the NMR coil which genesahe r.f. and superconducting
magnets. When wire is wrapped into a coil the center field encénter is very homogeneous
to the order of parts per million, ppm. This field can be maigd as long as the current is
flowing. In a superconductor the resistance is as close toi® @sysically possible. This is
accomplished by placing the superconductor in liquid mejias a closed circuit so the current

will not be lost. These are the basic ideas of the supercdaodused as the main magnet field
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in the majority of NMR experiments. [3]

3.1.2 Permanent magnets

For some NMR experiments, such as rotating field NMR(Seetehdp), a permanent magnet
is more convenient than a superconductor. They are cheiagertbey do not need cryogens to
maintain their magnetization and they are smaller so theyrare readily portable. Permanent
magnets are made out of materials which [10] have strongnegaetic substances and thus

always create a magnetic field.

3.1.3 Shimming

It is desirable to have as homogeneous as possible magriétfidr To improve homogeneity
secondary small magnets, called shims, are placed insededie. The shims used are based
off of the spherical harmonics expansion of magnetic fiektsalbise they obey Maxwell’s equa-

tions and the Laplace equation, which are stated explicityhapter 6. [12]

Conventional shims are orthogonal coils which surround $iveet spot. The current
through the coils creates a field which either adds or sulstfe@m the main magnetic field.
Shimming can be automated or done ‘by hand’ by changing threruvalues going through
the coils. The spectrometer software gives the option toghaach of the harmonic orders
separately; though, the traditional shim stack cannotyedure harmonics. When shim-
ming, the effectiveness of one shim order will depend on thength of the others to some

extent. Each harmonic order needs to be tried and retrietiumtest linewidth is obtained.

The strongest field inhomogeneities are most commonly albeglirection of the main
field, z Therefor, when shimming the ‘axial’ shimg, ¢, 2, 7*) are usually a good place to

start. Higher orders than fourth are less effective and siomes not effective at all. [3]
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For axial shimming the most effective orders arg, low orders, and ones mixed with
The shimming process is slow and will take many repititiohstomming axial, then radial,
and back and forth. Some spectrometer software doesn'tateghe two so it would be better
to shim the linear gradients first and then progress to highars. In most high resolution
systems, linewidths well below 0.1 ppm can be reached. Goendy, there are auto shimming
options. These are a good start for shimming, but could geksh a local minimum so some

manual shimming is always advantageous.

3.2 Spectrometer

The spectrometer makes NMR happen. All the supporting relleicts can be overwhelming
to know, but the basics parts, what they do, and a general lkdge of how they work is an

obtainable goal.

3.2.1 Transmitter

The transmitter precedes the probe and sample and is relsieoios the pulse sequence, tim-
ing, phasing, and amplification making the high power monoetatic radio frequency pulse.
Most spectrometers have more than one transmitter,a $epemfor each nucleus to be pulsed

on during the experiment. [2, 3]

Pulse programmer

There are two computers which control the spectrometerfifgteés the user computer and the
second is a computer on the spectrometer. The user comgtads a pulse program to the

spectrometer computer which controls the timing, ampétwhd phases of the r.f. pulses. [2,
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Radio frequency synthesizer and Phase Shifter

The r.f. synthesizer makes a standard oscillating eleictigignal, which is a radio frequency

of frequencyQe¢. The signal can be written as the following oscillation:

Ssynthesized ACOS<Qreft +@ (t)) (3.1)

whereg is the phase antis the time andA is the amplitude.

The phase shifter controls the rapid jumps of the r.f. pheséelhis hardware has stored
very precisely calculated values for cos and sin to give thieg The synthesized r.f. is used

for mixing down the signal to a usable frequency for the haehw[2, 3]

Pulse gate

Signal from the r.f. synthesizer is continuous and alwaysldre gate, controlled by the pulse
programmer, is a switch which can be quickly opened and dlaflewing the r.f. to travel to

the rest of the system. [2, 3]

Amplifier

The gated signal then goes through an amplifier to increassizk ofB4, the r.f. amplitude as
the ninety time is dependent on that. In liquids, this is i@ tAnge of tens of watts; for solids

up to one kilowatt is sometimes needed. [2, 3]
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3.2.2 Duplexer

The next step, is for the high power radio frequency to go égatobe which will be discussed
in more detail below. Having one coil for excitation and dgten, which is the most common
set up, means that the high power r.f. coming in, and the stoalent from the spins will be
going through the same circuitry. The receiver which dstéoe small signal cannot receive
the high power r.f. without damaging the system. If on theeothand, the signal returns to
the transmitter then the signal would not be detected. Tipdedtar allows high power from
the transmitter into the probe and restricts it from goinghreceiver while allowing the low
power current from the spins to go to the receiver and not batike transmitter. This is done

with a creative use of cables and diodes. [2, 3]

3.2.3 Receiver

The receiver receives the small current (the free indudaliecay(FID)), from the probe, am-
plifies it, mixes the signal down in frequency, converts idigital data, and sends it to the

computer. [2, 3]

Pre-amplifier

The signal which comes from the duplexer is too small to igiin the electronics as is, so it
is amplified. The pre-amplifier is optimized to introduceititel noise as possible while doing

the first stage of this amplification. [2, 3]
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Phase-sensitive detector

The course of events in the phase sensitive detectors caeeeirs the receiver section in
Figure 3.1. After amplification the signal is split into twanps. Then in the mixer the signal’'s
frequency is scaled down and one is phased ninety degrefsmfthe other. The noise in the
signal is then reduced as it goes through an audio filter aadiyfirs converted to digital data

for use in the user computer. This is the order in which evkafgpen but the reason for the

parts as they are is more easily explained by going througjeimeverse order. [2, 3]

The analog signhal coming from the probe needs to be convestddyital data. This is
done with the analog to digital converter(ADC). Before thah happen, the signal needs to
be scaled down to a frequency which the ADC can handle. The NigRal, which can range
from low MHz to several hundred MHz, is too fast for the ADCn@®new ADCs can handle
hundreds of MHz, but it is not common. As such the signal neéedse mixed down to a
useable frequency, usually less than 1 MHz. A referenceiéegy,we is subtracted from the

NMR frequencywy. This frequency is known as the carrier frequency:

Q% = wp — Wees- (3.2)

If a single detector is used to observe the NMR signal receigaly a cosine or a sine
is observed. This causes problems when the offset frequsmuaced in the middle of the
resonance frequencies. This means that some frequeneibgaer and others are lower than
the offset frequency. With only a cosine or sine modulatdd, e sign of a peak can not be
determined. This will leave a signal at bddy and—Qp. Quadrature detection, or splitting the
signal and mixing one half with a cosine and the other halhwitsine is the solution to this

problem. [2, 3]
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3.3 Probes

The probe is the most customized part of the NMR system. Eegalephas its own special
purpose. Some probes are specifically for imaging, whilerstare for flow experiments, and
some just for solids. A scientist’s collection of probeslwétermine the variety of experiments

she can do.

The probe has many important functions and parts. The fingtion that it has is to hold
and place the sample in the sweet spot of the magnet. The wmestidn the probe has is
to excite, or encode, the spins of the sample. The final fandi probe has is to detect the

oscillation of the spins.

3.3.1 Supports

The structure of a probe can take many different shapest blways accomplishes the same
thing. The probe base holds the probe to the magnet. Thdistalbithe probe is very impor-
tant. Mechanical vibrations can cause noise in a spectrum. hblding mechanism can also

allow the coil to be adjusted to the sweet spot in the magnet.

The body of the probe holds the essential electronics of thlegy the capacitors and coil.

It also houses any special attributes of the probe like aigmadtack or a stepping motor.

The top of the probe is where all the action happens, usuBtg.probe can be built to be
bottom loaded also. It houses the sample holder (a stateofis) and coil for all experiments.
The stator holds the sample in place. [13] For solid statbgsahe stator also has an air system
set up which spins the sample. The coil can take many diftédoems but is what excites and
detects the spins in traditional NMR systems. Sometimesctil itself is referred to as the

probe. There are specialized systems where more than dris aeed or a coil is not used at
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all for NMR detection. [14, 15] These methods are unconeerti and were not used for this

research so only traditional methods of detection are edtas.

3.3.2 Electronics

As stated above the coil is the most important part of the @rbit excites and detects the
NMR signal. To do this its resonance frequency needs to ntatefrequency of the spins of
interest. The circuit for the probe is made with the coil, @adable capacitors making a RLC

(resistance, inductor, and capacitor) circuit. [13]

There are several different designs of coils: solenoidt splenoid, saddle, bird cage, and
surface. [16, 17, 18] Each coil can be tuned easily to twaeebffit frequencies and possibly
more with specialized electronics. Each frequency hasmarei@&n the spectrometer associated
with it. That is, a separate transmitter and receiver. Itasumon to have triple resonance
probes with two coils. The second coil often has a forth rasoe specifically used to lock on

to a deuterium signal to compensate for any field drift.

A simplistic double resonance circuit is shown in Figure. 3h each side of the coil are
two variable capacitors referred to as match and tune, vtherine capacitor is connected to

ground. The frequencyy of the coil is:

w=1/— (3.3)

whereL is the inductance an@ is the total capacitance. The effectiveness of the probe isea

determined by the quality factor,

Q=wlL/R (3.4)
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whereR s the resistance. [2, 3] The quality factor evaluates tteeatwhich energy dissipates
at specific frequencies. [10] To maximize the power trantferimpedanceZ, needs to be

matched in the probe, [2]

Z=R+i[wL—1/(wC)], (3.5)

to that of the spectrometer, usually 50 ohm. [13]

3.3.3 Samples: tubes and rotors

Samples themselves come in all shapes and sizes. For NMRjdiqre easily placed in a
tube. Solids are placed into rotors which are further disedsn section 9.3 Each sample
needs to be considered in its own right: elongated samplesatialways fit into a MAS probe
and unconventional methods need to be used to obtain NMRragdezm them, as discussed
in Chapter 7. Whereas NMR to observe chemical reactionssnaegpecial container like a
microfluidic chip [19] or specialized tubes that are usedcmpaimodate flow into a biological

sample. [20]
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Chapter 4

Pulse sequences

4.1 General NMR experiments

The NMR experiment is often used for chemical analysis. Tiesns chemical composition
can be determined for a simple molecule with a simple expartntaking but moments or a
complicated molecule with a series of elaborate experim#rdt can take up a whole PhD

thesis.

4.1.1 One Pulse Experiment

At the root of every NMR experiment is the ability to controétangle which the magnetization
flips. This angle is determined by the time the rf pulse is dme fime in which the magnetiza-
tion ends in xy plane is called the ninety,"9@me. This simply means the time it takes for the
magnitization to flip 90 degrees. Similarly there is a 180me. This 90 time is important be-
cuase maximum signal is acquired with it. The 1&Jimportant because it changes the sign of

the magnetization. A simple NMR experiment excites maga&tn with a 90 degree pulse
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Figure 4.1: A ninety pulse diagram.

and then collects the FID (free induction deca(}t,) = Mo = Mg (cosQ + sinQ). There are
two sets of data are taken with sine and a cosine referencalsjgalled quadruture detection,
in order to phase the spectra. This data is then Fourierfoiamed, S(Q) = [y’ s(t) e dt
from the time domain to the frequency domain. Here differgmemical shifts are readily

viewable. (See Figure 4.1)

A single rf pulse where the time of the pulse is varied in aayrcalled a nutation curve,
is used to determine the 9@me and the 180time. These are the key elements in most NMR
experiments and this calibration of pulse must be done befwery experiment as in Figure

4.2.13]

4.1.2 Multi-dimensional NMR

There are many factors which affect the final spectrum whachidtleave it very complex. One
could be a similar chemical shift for two groups on a molecAl®ne dimensional experiment
is simply not always enough to obtain conclusive data. In@dwnensional, or if necessary
a three dimensional, experiment new insight can be found ekample, this can resolve two
resonances at the same frequency. The multi dimensionakiexgnt increments the time
between multiple pulses producing a second time domairhdge spectra, one dimension is

correlated with the other. The peak position depends onvbleton from each period.
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a)

Figure 4.2: a) The 90 and 180 time are calibrated using a one pulse experiment where the
duration of the rf is arrayed. Stacking the data sets nextttheother the 90time can be read

off as the peak with the most intensity while the 180 timeaswhere there is no signal. As the
array is some what periodic it makes sense to compare thei®@ to the 450 and 810 to

see how effective the probe is, that is how much power is fasgdonger pulses. b) In order

to read off the 90 time correctly the first spectra in the arrgeds to be phased such that the
peak is all absorptive. ¢) Sometimes the ninety pulse isusbddy non-uniform excitation
due to B inhomogeneity. This will cause what looks like a phasingrerr the nutation curve.
This can be improved by signal averaging or by using a smatenple.

The cosine and sine modulated FID are:

S (t1,t2) = cos(Qity) gtz (4.1)

Ss(t1,tp) = sin(Qaty) €922 (4.2)

These are double Fourier transformed to obtain the spectrum
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Figure 4.3:a) To image an object a gradient magnetic field is used. b) Hnepte. c) The

image.

4.1.3 Imaging

One of the more powerful tools that has emerged from NMR is NIMRclear magnetic res-
onance imaging, or more classically known as MRI as the wordclear” scares off patients.
MRI works on the basic princle that the frequency of a spinnsally proportional to the mag-
netic field it senses. In this way a gradient can be added aoagtwo, or three axis in order
to give a spatial dependence of the frequency. It is beseifjtladient is much larger than any

interaction in the sample. [3]

4.2 Other Pulse sequences

4.2.1 Hahn and Chemical Shift echo

The magnetic field may not be perfect or the ring down time efdbil maybe long. In this
case, it is good to be able to refocus the magnetizationd Filebomogeneities are problematic

in spectroscopy and imaging in that they obscure the usafimimation. The inhomogeneities
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Figure 4.5:CPMG pulse sequence

broaden lines due to chemical shift's dependence on the etiagireld strength. A Hahn
echo refocuses the broadening by effectively causing a tewersal. In figure 4.4 an echo
sequence is shown. The magnetization is first tipped intoxyhyglane and then allowed to
precess for some timét. During this time the magnetization begins to spread outméo

of the magnetization precesses faster (designated ‘ft) the average and some slower
(designated ‘slow’). The magnetization then undergoeOede§ree pulse. This flips it around
the axis putting it back into they plane, however the fast and slow magnetization have now
switched places. After an other time perioddfthe magnetization comes back to its original
location as the fast magetization catches back up to the Sdyaervation of this event appears

as an echo. That is the FID grows and then decays.
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Figure 4.6:Ex-situ z-rotation pulse sequence.

4.2.2 CPMG

An extension of the Hahn echo is to repeat the echo and acauiFeD in between each pair
of pulses. Then the echoes can be summed together to givegtied 80 noise of several
experiments in the time of one. This can be processed by éowansforming with either
the echo and doing zero and first order phasing, or by cuttiihigadf of the FID and Fourier

transforming that. The former makes reading off the cemaguency of a particular site of
interest difficult and nearly impossible if the carrier foeacy is far off. Due to that, the

experiments in Chapter 4 were done with CSechoes(chenhitgliastead of CPMGs. [3]

4.2.3 Ex-situ

If the magnetization is left to undergo free precessionragéter any of these pulses it will
dephase. In this manner the broadening of the spectra isealy improved. To refocus
and maintain that focus an experiment must be done poimelyt with several focusing
pulses. [21] To obtain chemical shift the CPMG cannot be wseds echo peak amplitude
set is just an exponential decay and will give no sine or esiodulation. A point-by-point

FID needs to be done in a special manner. These sequenceainsarrrotation pulses or
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Figure 4.7:a)Chemical shift anisotropy. b)Dipolar Coupling c) MagigeBusceptibility d)
Powder patterns arise from solid sample which have crystéls many orientations e) Other
anisotropies cause broad lines. f) With MAS spinning the@mnopies are zeroed leaving only
the Zeeman interaction, isotropic Chemical shift, and dgating.

adiabatic double passages and have been done in previokgSem Figure 4.6) [1]

4.2.4 MAS

In oriented samples, for example solids, the anisotropicqgidahe Hamiltonian is not averaged
out by motional tumbling. [2] In these cases to obtain th&ggoc spectra one must artificially
average out the anisotropic Hamiltonian. Most common igto the sample faster than the
anisotropy at 54.7 degrees, commonly called the magic anghes is called magic angle
spinning (MAS). Most anisotropic interactions under maaigle spinning average out to the
isotropic spectra: chemical shift anisotropy, dipole dgdateractions, magnetic susceptibility,
and first order quadrupole. These all take the form of a secoter Lagrandre polynomial,

P,cosBr = 1/2(1— 3cos6R) as will be shown below.

The DD coupling, magnetic susceptibility, and quadrupdleall average out to zero under
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MAS. The chemical shift anisotropy, figure 4.7 a), can be ayed out while still leaving the
isotropic chemical shift spectra. The chemical shift ainay is an interaction based on the
sample’s orientation with the magnetic field. As the oriéintaof a crystal changes so does
the chemical shift frequency. In this way a powder, or a pavedenple with all single crystal
orientations, will give a broad spectrum.(See Figure 4)7Ttjs broadening depends on the

chemical shift tensor with the specific shape depending endlues ofoy1, 022, andoss.

The following examines the spherical tensor treatment ofrepg a sample. The general

Hamiltonian from section 2.5.3 is:

2 4k
S =A(ab) - T(lab)= 5 5 (~1)%¢ (1ab)T" (1ab) (4.3)
k=0g=—k

In MAS the system under goes a rotation, of frequesgyat the anglég. In the lab frame
this would be a difficult calculation; it is easier to convéme Hamiltonian to the rotor frame.
Thereby it is easier to use the rotor’s reference frame whicspinning using the rotation

operator and its element’s the Wigner matrices, as can balfoumany standard text. [6, 22]

LAB— — — (wrt, 6r,0) — —— > ROTOR (4.4)

This leaves the Hamiltonian in the form:

2 +k +k K K K
My =A(lab) T(la) =y T (—1)0'< Dy (—axt, Br,0) A% (rotor) | T% (1ab)
k=0g=—k m=-—k
(4.5)

Substitution of the Wigner matrix elements,
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a(aBy) = e 1maan gl (g) (4.6)

gives:

2 +k +k ]
S =A(lab)-Tlab)= 5 5 5 (~1)%™dl (6) AR (roton) T (1ab)  (4.7)
k=0g=—km=—k

The secular appromimation can be used here for systemsavgh magnetic fields, hav-
ing large Zeeman interaction, the internal spin interactian be neglected as they are small.

Practically this means that q=0:

2 k

&(Mxd® (Br) Am(K) (rotor) Ty (1ab) = 4 + Y + AP
(4.8)

+
e = A(lab) - T(lab) =
k=0m=—k

The second order Hamiltonian is of particular interest. Zémth order is the isotropic
interaction and is zero for all the interactions but for themical shift. The first order will
equal zero for all interactions. At this poidﬂg (6r) and To(k)(lab) can be substituted in for

specific interactions. Aftefn(K)(rotor) is averaged over a rotor period:

A(())(rotor) 1/ thb (rotor) (t) (4.9)

All are averaged to 0 except for tlgg term, 1/2(3cosfr — 1). When6R is set to 54.74, this

term is equal to zero and the anisotropies are average@jt. [
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Figure 4.8:A slow spinning, 250Hz, sample of water and beads. The aoots cause by
the magnetic susceptibility of the beads.

4.2.5 MAT

When spinning slower than the anisotropy in a system, thetspa no longer collapses to
the isotropic spectrum, but has spinning side bands at gdugiéncy of spinning.(See Figure
4.8) [23] The side band intensities are determined by thelepe of the static spectrum. Side-
bands are usually undesired since the spectra can get vernyl@owith them even if a few

chemical shifts are involved. [24] A magic angle turing(MAdulse sequence is useful for
dealing with spinning sidebands in two ways. First it carover the isotropic spectrum from
a slowly spinning sample and second it correlates the ipmrgpectrum to the anisotropic

spectrum.(See Figure 4.10. a))

MAT sequences work by having rotor synchronized pulses.tifhe of one rotor rotation
is T.(See figure 4.9) To be rotor synchronized in the pulse sexuirere are consistent (at the
same time in each scan) pulses at 120 degree intervals afraotation period. Between those
pulses are the incremented ones for the acquisition in tbensledimension. For calculating

the response the resonance frequency is considered adirdtihe positiory(t). As such
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Figure 4.9:MAT pulse sequences diagram. a) An early version of the M. Qne 90 pulse

is followed by five 180 pulses. Two of the pulses are rotortepmized while the other three
are time incremented to acquire the second dimension. b)r& mbust MAT sequence dubbed
the triple echo. For the p-MAT sequence this one is going tadmel. Here there is a ninety
excitation pulse followed by a series of 18nd 90 pulses. The 180and two of the 90
pulses are rotor synchronized, while two of the @lses are time incremented for acquiring
the second dimension.

a) b) ) d)

Figure 4.10:a) An isotropic vs. anisotropic spectra taken incremegtal} directly detecting
the anisotropic and indirectly the isotropic. This can bensidered as the full isotropic vs
anisotropic ‘space’. The anisotropy could be spinning bateds, the full powder pattern, or
an arbitrary anisotropy. This can be acquired with a pulsguence like MAT. b) The isotropic
VS. anisotropic spectra acquired through diagonals in tberelation ‘space’. This is done
in a VACSY experiment. Acquiring this way the entire isatrep anisotropic 'space’ is only
acquired if all angles are used. c) Incrementing time don@dinne angle and detecting at a
second a portion of the isotropic vs anisotropic ‘space’iserved. This is the basic [rincple
of the p-MAS pulse sequence. d) When processing the dataetfiom a p-MAS sequence
the data set will be square not rectangular. The isotropietspis not on either axis but on a
shearing line.
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to calculate the full evolution the integral over the timeipé need to be taken. There are
three periods of spin precessiah, will be taken as the total angle of precession duringthe

period. The total precession angle is the sum ofdhe

t1/3
cplz/ w(y(t)dt (4.10)
0
T/3+t1/3
Dy — / w(y(t))dt (4.11)
0
2T /3+t,/3
®s— / w(y(t))dt (4.12)
0
t1/3
®p+ Oy + By = /0 30sodt = ol (4.13)

For a properly phased spectrum the MAT has to have a cosingede.g. cogP; + P, + P3)
and sin®; + ®, + ®3). This is not as straightforward as phasing the receiverexe tre three
separate times, during, ®,, andd3, which phase is accumulated. This means the three pre-
cession periods need to sum up to a sine or cosine modulai@detaIn order to do that, four

different scans need to be taken varying the phases of tee inecession periods. [25, 26, 27]

cos(¢@ + @ + @3) =cos(@1) cos(¢r) cos(¢s) (4.14)
—sin(¢) sin(¢@) cos(¢s) (4.15)
—sin(¢y) cos(@) sin(¢s) (4.16)
—cos(@ ) sin(@) sin(¢s) (4.17)
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Figure 4.11VACSY pulse sequence. Each successive FID is taken atrenlifegle,0r

sin(@ + @+ @) =sin(@;) cos(¢@) cos(¢s) (4.18)
+ cos(@) sin(@) cos(s) (4.19)
+ cos(¢n) cos(¢r) sin(¢s) (4.20)
—sin(¢@)sin(@) sin(¢s) (4.21)

4.2.6 VACSY dynamic angle probe

VACSY (variable angle COSY), like MAT, also correlates tha@smtropic spectrum to the
isotropic spectrum. [28] In this experiment the time domigimot incremented, but the ro-
tation angle is incremented with respect to the field.(Sgereéi 4.11) This experiment does a
circular sweep of the isotropic correlated anisotropicpen ‘space’ instead of a vertical.(See
Figure 4.10Db)) [29] The VASCY experiment recovers the anggmc spectrum from a sample
that is rapidly spinning. The interaction Hamiltonian tipens are under going can be consid-
ered as the isotropiciiso plus the anisotropicZaniso Using the result from the MAS iteration
of equation 4.7, the anisotropy is dependenPgpftosbr). This means that a Hamiltonian can

be written as:

0 (0R) = FHiso+ P2COS(BR) Haniso (4.22)
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It follows from this that the precession frequency is:

W~ W+ Pcos(6Rr) - wy (6, Q) (4.23)

Wherew is the isotropic chemical shifty, the anisotropic chemical shift, and the Euler angles

from the crystal’s principle axis system to a fixed frame cmrdtor, (6, @).

The signal from the experiment is:

S(er,t) = [ [ 1(cn,ca) PRI ey (4.24)

Where

() = [ [ Sltatye @ atandy (4.25)

is the correlated spectrum. If

ta= P> (cosOr)t (4.26)

and

ti=t (4.27)

are substituted into 4.24 then it is the signal for the catesl spectra. [28]
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4.2.7 p-MAS

Projected-magic angle spinning (p-MAS) is derived from siagne idea which the VASCY
pulse works on. Its motivation, similar to VACSY, is to reepwnformation(isotropic spectrum)
from samples which cannot be spun at the magic angle. The §-Mgétead of having to use all
angles only needs two for isotropic spectrum recovery. J3@se experiments create the same
data set as VACSY but incorporate a second time domain to dbis is done by incrementing
the time domain of one of the angles and collecting at thergkas in Figure 4.12. A diamond
shaped area of the isotropic anisotropic spectrum is casuéavith the p-MAS experiment,
figure 4.10 c), however the Fourier transformed data ispstiitessed as a square spectra, 4.10
d). This means that the isotropic spectra appears on a sjdenre and is scaled. The scaling

factorA is:

) — P2(cosr1) — P> (cosdy)

= By (costha) 1 P (cora) (4.29)
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4.2.8 p-MAT

It is conceivable to put the p-MAS and MAT pulse sequencettaare dubbed p-MAT, to re-
cover isotropic and anisotropic data from a slow spinnirgjey and small angles. (See chapter

8)
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Chapter 5

Rotating Field NMR:

project motivation

5.1 Introduction

The next step in NMR technology is portability. A magnet,lpFpand spectrometer that can
be taken to the sample are currently being developed. Wishiristrument the sample does
not need to be taken or placed into the magnet. This portyabiuld be expressed in various
ways. A magnet could be placed on a laboratory bench top véperetra could be taken from

a beaker. An environmental scientist could take a portaéecd and take a reading from tree
bark without removing a sample. The system may even be deseloto a wall sized unit that

could take an MRI of a person just standing in front of it. Seghtems would have countless

uses.

In designing a one-sided portable NMR system, it would beaathgeous to be able to
examine materials with anisotropies, and not just isotropaterials. While some anisotropies

give additional useful information they also obscure ukefiormation. Other material than
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solids also have anisotropic couplings, for example tissaeks, foods, etc. The portable
NMR system could be used to track changes in diseases. Raupvsotropic information

is of particular interest to oil companies, in their samplesgnetic susceptibilities obscure
chemical shiftr in their oil spectra. In the food industryeey product that leaves a factory

could be quickly examined. The possibilities are reallylessl

The standard way of achieving anisotropy removal is to spengample. (See Section
4.2.4) With a portable system spinning the sample is couotéhe purpose of a noninva-
sive system. However, the sample can remain undisturbdteietis a spinning magnetic
field created. However the physical requirements for bagdiuch a field spinning apparatus
kept it from being a common technique. The first field spinremgeriment was complete in
2002. [31] This showed a reduction in spectral line width &. XHowever, a field spinning

experiment that reveals chemical shift has still not beeredo

5.2 Rotating Magnet

In order to successfully conduct a rotating field experimant apparatus would have to be
developed that creates a spinning magnetic field. Congiruot such a device can be difficult.
In previous work the rotating field was created with 3 orthmgaoils. [31] These experiments
showed linewidth improvements but were unable to show cbainshift since the fields that
were created were too weak, however, electrical coils anth@eent magnets could create the

necessary field strength.

5.2.1 Magnet parts

Electrocoil and permanent magnets both have their advesi@gd disadvantages. Electrocoil

magnets can be made stronger with either high currents oradl smapped radius. Strong
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Figure 5.1: The permanent magnet inside of the electrocoil. The fiedshgth of the permanent
magnet is 0.5T with a proton frequency of 21.4 MHz. The maggieawould be when the
electrocoil produced a field of 0.35T giving a total field o82T and a proton frequency of
26.2MHz

currents have the disadvantage of needing expensive p@meraors, current stabilizers, and
consequently cause high electricity bills. A smaller raditan also be problematic in that the
sample size is then restricted. Permanent magnets, hqvggverstrong fields on their own,
and have no associated operation expenses. They need teehdlgaonstructed to obtain a
homogeneous field. An additional disadvantage is that peemtanagnets suffer from the drift
effects of temperature. (Discussed in further detail bgldve strength of the magnetic field
will change depending on the temperature of the magnet.igbiscause the over all magnetic
field arises from the magnetic moments of the material of wlitics made. The magnetic

moment’s alignment has a Boltzmann distribution and thusgls in temperature changes

cause small changes in the field strength.

5.2.2 Magic Angle

One of the challenging parts of rotating magnets is to satthgic angle. If a solely permanent
magnet system is used, adjusting the field to the magic armldtake a complex mechanical
setup that is hard to design, construct, and use. Howewepdhmanent magnet is advanta-

geous relative to an electromagnet method because it esjeiss power and is cheaper. The
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Figure 5.2: a) A magnet field which rotates in the xy plane (from the peenamagnet in
the built system). This field is mechanically rotated. b) @ose magnetic field perpendicular,
along the z axis, to the first field, (from the electrocoil ie thuilt system). c¢) The field in the
Xy plane and z axis add together to make a field at an apgtem the z axis. When the field
in the xy plane rotates the sum of the two field carves out a,aoaking a rotating field. d)
Diagram defining the relevant angles and frequencies.

permanent magnet system could be set to the magic angle liyghasingle magnet at the
magic angle, relative to the axis of rotation, and develgg@rway to rotate it properly. This
method would require a way to fine tune the angle at which itspAn alternative would be
to use more than one permanent magnet. One magnet could vdidé a second stationary

magnet produces a perpendicular field. The sum of the twesfrddld be used to obtain the

magic angle.(See Figure 5.2.) However this system wouldllzgdifficult to adjust.

The compromise between these problems for a rotating figdérexents is a permanent
Halbach array with an electrocoil wrapped around it. Thistemn was physically built and
tested. The permanent magnet mechanically is rotated witbtar while the electrocoil pro-
duces a perpendicular permanent fields as in figure 5.1. Theatktds magnetic field is des-
ignated to be in thay plane and the electrocoil’s is on thexis, figure 5.2. As the electrocoil
is turned on the direction of the sum of the two field graduafiproaches to the magic angle.
At this point the permanent magnet can be spun to removetanpses. One of the advantages
of having a system in which any angle between zero and theaaagjle can be achieved is

that an experiment with any angle could be performed.

Since there is great difficulty involved in achieving the necagngle it may be advantageous
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to find a way around it. For example, using a pulse sequeneeplkMAS would remove
the need to be at the magic angle. This greatly reduces thatopeexpense since energy

requirement levels are reduced.

5.2.3 Spinning the magnet

The achievable rate of rotaion for the rotating field alsodsee be considered. Speed can be
controlled by either changing the current in an electrospiitem or mechanically rotating a
permanent magnet though neither can compete with a rotaiwdan spin up to 80kHz. For
the built system the permantent magnet is spun. Where as firshexperiments the currentin
electrocoils were changed. [31] However if the magnet figlgigun slowly then spinning side
bands arise. This is a perfect use for an MAT sequence! A MAjlisace, see section 4.2.5,

recovers the isotropic spectra from in slow spining coondki

5.3 Theory

Rotating the magnetic field is essentially equivalent tatiog the sample, which means that
they can be mathematically treated the same as long as thieadidi condition is maintained.
In an adiabatic system the nuclear spins’ alignment is abieltow the movement of the field.
This is obeyed as long as the field rotates much more slowtyttiaLarmor frequency. If the
rotation speed approaches the Larmor frequency the respbtise system becomes difficult to
predict. As the Larmor frequency for the built system is 214z and the permanent magnet’s
motor's mechanical rotation speed maximum cannot exceelz Sthe adiabatic condition is

kept.

In this magnet set up the rotating magnetic field is inxtp@lane while a permanent field

is placed on the axis. The magnetic field would then be [32]:
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B(t) = By [cos(axt)i +sin(at) j] +Bxk (5.1)

Then the Hamiltonian for this magnetic field, usisg = yIB, is:

H = yByy[cOs(wrt) Ix+sin(wt) ly] + yBql; (5.2)

The general tensor interaction, usiAgto designate a specific interaction, Hamiltonian

(equation 2.6)is:

H=5 3 (—1)9A% Tk —q (5.3)
k=0g=—k
As in MAS(Section 4.2.4) a change in coordinates to the imtdtame is needed. This
constitutes two transformations for this systéf(t) = €'z, to the interaction rotating frame
andV; (t) = €9y, with 8 = arctany%, into the tilted frame. Then the above Hamiltonian,

equation 5.2, will be diagonal and time independent:

S =\oV1 (1) )W)V VL = el (5.4)

The effective Larmor frequency becomes:

@t =/ (VBa— @)+ (yBry)? (5.5)
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The transformation&/; andV,, for the anisotropic interaction are then:

+k
Hi = A(lab)-T(lab) = z z (Z D&'%(-aht,eR,—weff)ASnk)(rotation)>T(';)(lab)
k=0g=—k m=—k ( )
5.6

Substitution of the Wigner Matrix elements,

Diny (— @k, Br, — e 1t) = &1 (MRFaeei) g9 (gg) (5.7)
gives:
2 4k +k _ }
M =Alab) T(lab)= 5§ (~1)%el-mertaern)qly (6r) Ay (rotation) T (1ab)
k=0g=—km=—k
(5.8)

Using the secular approximation this becomes

2
M = A(lab) - T(lab) = ¥ z e Mg (gg) AW (rotation) TV (lab)  (5.9)
k=0m=—k

which is the same as equation 4.8 and can be treated in exaetbame way. This means

when the field rotates at the magic angle the anisotropi¢swvalage out. [22, 32]

5.3.1 Magnet drift

One of the problems in using a permanent magnet is the fieldrlgmce on temperature. A
small, even ppm, fluctuation in the main field’s frequency ealuse the spectra to broaden. In

the above Halbach array the drift over several hours appesa200ppm, though over 30 min
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Figure 5.3:a)The permanent magnet’s drift over several hours. b) threnpaent magnet’s
drift over an hour
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Figure 5.4:A spectrum of water from the permanent magnet. The peak widtisuitable for
spectroscopy even for species with large chemical shift.

the drift is much smaller at 50ppm, as shown in figure 5.3. Thgmet was found to be most

stable after sunset because the outside temperature wasikhialler fluctuations.

5.3.2 Permanent field inhomogenieties and Electrocoil inhmogenieties

The biggest problem with a permanent magnet or electrogsiem is dealing with the field
inhomogenieties. The rotating field’s permanent magnetihbdmogenieties of upwards

500ppm even while using a micro coil to minimize inhomogéag In the better regions

54



Electrocoil Inhomogeneity
14000 - ‘

12000

10000

8000

6000

1/2 peak width (Hz)

4000

2000

0 ‘
0 50 100 150 200 250 300 350

Amps

Figure 5.5: After shimming the permanent magnet the electrocoil rudiedaetter field homo-
geneity. At levels far below the magic angle the inhomogiesiare upward of 10,000 Hz.

of the magnet 40ppm inhomogenieties were easily seen. Isviket spot, the most homoge-
neous spot, the inhomogeniety was 20ppm. One can concgsiaibh the system using a shim
stack that rotates with the magnet.(See chapter 6) [33]Wassaccomplished for the magnet
however the rotating field experiment was hindered by thenmigenieties of the electrocaoil.
After shimming the permanent magnet to achieve a 6 to 9 foludgeneity improvement
the electromagnet reintroduced inhomogenieties of at ka@ppm at about /2 the current

required to achieve the magic angle.

5.3.3 Suggested experiments

Though a full rotating experiment cannot be done with thecdieed electrocoil inhomoge-
nieties, it is conceivable to do a two-dimensional anigotraverage for a proof of principle
experiment. Here the anisotropy would need to be only twoedisional. This could be in a
sample with long rods such as carbon nanotubes or fibers.expexriment is still technically

difficult since the probe’s coil need to be at the axis of iiotat As the permanent magnet
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Figure 5.6: Possible way to rotate probe with the permanent magnet. Taigeps attached
to the rotating permanent magnet in some sort of slip systeererthe probe’s coil is always
oriented in the same direction in the lab frame. The probeeisl o the positioning system by
a lever arm which can be set rigidly to the same position whermtagnet is not spinning.
rotates different magnetic field stregth rotating into theye’s coil causing the spins to evolve
under the different magnetic strengths which producesdaospectrum than when there is no
rotation. Therefore, even if a chemical shift can be obskorea static field it maybe obscured
by the inhomogenieties of rotation. A solution to this maytbeotate the probe’s coil along

with the magnet, while keeping the orientation of the prelmsil fix in the lab frame. This

would require a special mechanical system as suggestedine fig.6
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Chapter 6

Multipole Shimming of Permanent
Magnets Using

Harmonic Corrector Ring

6.1 Introduction

Magnet shimming is an essential part of NMR spectroscopymdeng inhomogeneities aris-
ing from magnet design and construction should be done tbakkeextent possible in order to
improve resolution of spectroscopic peaks. If left uncoted, field inhomogeneities obscure
the chemical shielding information needed to provide $tmat detail. This is particularly rel-
evant when designing a portable NMR apparatus. These sosd mmagnets are fabricated
using a small number of permanent magnet (PM) blocks or.colie resulting field is highly
inhomogeneous by NMR standards. Based on our experiendgetethent Halbach array
designed to create a dipole field can easily exhibit inhomeies upwards of 500 parts per

million (ppm) over cubic millimeter volumes, which is unaptable for high-resolution spec-
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troscopy. Though more homogeneous arrays have been csdaiaihg inhomogeneities of

100 ppm and even as low as 20 ppm [34, 35] there is still a ngeshfoming systems.

Magnetic fields, and consequently theirinhomogeneitiesydaxwell’s equations. There-
fore, a shimming scheme capable of producing an arbitrddyp@&+turbation field can in princi-
ple null, that is cancel out, any conceivable preexistifgpmogeneity. The standard method of
shimming an NMR magnet utilizes an expansion of the magfietatin spherical harmonics.
Since the magnetic scalar potential obeys the Laplace iequatdy = 0 and the magnetic
field is the gradient of this potentitl = —[0®y,, differentiation of the Laplace equation re-
veals that each component of the magnetic field also obeysahlace equation. In particular,

[0°H, = 0. This permits an expansion of the field in terms of sphetieaionics [12]:

00 47_[ 1/2| +1
H,(r) —H,0) = P E— r Yim(©, P
) -H0 =5 (575) 73 anin(©.0)
=a10Z— Da11\f2x+ DalleZy

2722 —r2 3
+ag0~ 5+ Dazz\@(x2 —y?)

+v/6(Dag1yz— Oapixz— Dagoxy) + . .. (6.1)

whereg _n=(—1)"a/, thus making the field real-valued. Becattbgs much larger than the
transverse components, or Hy, they are truncated bil, and therefore negligible. Hence, to
a good approximatiorl, determines the Larmor frequency. The task of the shimmistesy

is to vary the currents in shim coils, which amounts to vagytime coefficientsla, or Daym.

Similarly, spherical harmonics can be used when the shimblalbach-type arrays instead
of coils, however the solution and execution are of slightiferent form. Halbach-type ar-
rangements can provide one-sided fluxes which show a retvliarétagree of uniformity inside
aring and nearly zero flux outside [36]. This means the usabtaming field can be relatively

large; in fact, almost as large as the shimming aperturd.itgaelditionally, the absence of
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flux outside the aperture does not perturb the magnet cgetiteexternal field. While shim
coils can achieve considerable homogeneity over the bolieakla-type shimming can have
its advantages in smaller systems. When designing smad poatable magnets with small
bores, itis crucial that the shimming system does not octopynuch space inside the bore of
the magnet, as this would severely limit the usable regiar.skch systems, a Halbach-type
arrangement of permantent magnets can yield gradient figdgths strong enough for shim-
ming purposes and still be compact, thus leaving enough fooexperiments. Furthermore,
Halbach arrays eliminate the need for a power supply, whaoh lee important in portable
ex-situ and rotating field type systems. Fulfilling the needshimming systems suited for
rotating field NMR systems [37, 38] would be technically ¢dagiing in connecting and con-
trolling electro-coil shims as the shimming coils would dée rotate with the field. However
permanent magnets supply a perfect solution as they haveads vhich would tangle as the

bore rotates.

To overcome difficulties, in the contexts of portable andfiating field NMR systems,
a “one shot" shimming system where one maps the field and awsapes for each order of
inhomogeneity in the field is presented in this chapter. &timg with this method can be
done previous to an experiment, using field mapping, or itadone only once, as part of the

magnet design phase.

The novelty of our method lies in its use of harmonic corrediags [39] which are rings
composed of concentric permanent magnet rods (magnettedipmvhose overall and relative
orientations can be used to adjust the field strength, atiemt, and multipole order. In our
case, the rods are substituted by adjacent pairs of smalpdignanent magnets (PMs) which
approximate magnetic dipoles. This chapter demonstragsnethod’s implementation in
generating quadrupolar fields to correct inhomogeneifd@y. number of additional rings can

be added to correct arbitrary multipole orders simultasgou
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Figure 6.1:The magnets 1 to 6 hayy values(2n— 1)71/6).

6.2 Theory

6.2.1 General multipole correction

Magnets can be arranged in a ring to produce a field of a chasiem, &, by selecting their
overall and relative orientations to each other. Assemtiiesdvay they can be used to correct
for an inhomogeneity in an already existing magnetic fiehdorider to null a multipole term of
orderN, using a single ring of equally spaced magnets as in Figuretle orientation of the

nth magnet is given by [39]:

¢h = (N+1)Bn+ @nit (6.2)

where n can be 1 to n(the number of magngis)s the angle of the location of theh magnet
on the ring andgyi; is an angle defined by the orientation of the required mukipboth
with respect to the-axis. In general, the magnetic dipole moment of ttlemagnet is given
by m, = &n(cosgh, singh, 0), whereg, is the magnitude of the dipole moment. The latter is

related to the dimensions of the magnet according to themelmtegral of the magnetization
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Figure 6.2:A ring of 6 magnets oriented to produce a dipole, quadrupahe, sextupole field.
These orientations are based on Equation 6.2. The quadeugrmangement can be used to

null a gradient in a strong magnetic field; to control the stgeh of the gradient, additional
rings are necessary.

or remanent field, = ||v [ M (r)d%r|.

Figure 6.2 shows a ring of six magnets oriented to producelaipquadrupolar and sex-

tupolar magnetic fields in this manner.

6.2.2 Quadrupolar correction

Our analysis will concentrate on the quadrupolar case,gha@xtension to higher orders is
straightforward (See Section 6.6.1). In this cdses 2 and@y;; is the orientation of thély
component of the quadrupole. Usifig values defined for a six-magnet ring in Figure 6.1 and

applying these values to Equation 6.2, gives:

3

G=@+T= (Hnit'i‘? (6.3)

where @, is the orientation of odd-numbered magnets gads the orientation of the even-
numbered magnets. Thus, going round the circle, the otientaf neighboring magnets dif-
fers by In order to control the magnitude and orientation of thedyupole, the contribution

of each magnet and magnet ring to the overall magnetic fietdamalyzed.

If the dimensions of a magnet are small in comparison to tsiadce to a point,, at which
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a field measurement is being made, then the magnet can bexapated as a point dipole.
The magnetic field of a point dipole atthe position vector of the measurement point relative

to the position of the dipole, is given by:

H(r) = —=[3(m-F)f —m] (6.4)

whereH = (Hy, Hy, H) is the magnetic field at, the position vector of the measurement point
relative to the position of the dipole. Differentiation @iig expression with respect tagives

the field gradient due to the point dipole:

OH= "' = > [mf+fm + (m-F)l —5(m-F)(7F)] (6.5)

wherel is the identity tensor and the notatiam indicates a tensor (dyadic) productwand

V.

In our experiments, thr axis was designated as main magnetic field direction, whae t
z direction was along the longitudinal axis of the magnet bdreuncation ofHy andH, as
described in the introduction, means that the relevanbreztmmponent for our experiments is

The analysis is now restrict to points along thaxis, as shown in Figure 6.3a), whete
the magnitude of, is the same for all magnets on a given ring. It is also assuimadthe
value for the magnet strength,, is the same for all magnets. In the case of a single ring of
six magnets, the gradient bl is given by substitution of the values wfandr from Table 6.1

into Equation 6.5:
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Figure 6.3:Spatial arrangement of the ring pairs. The analysis is ladito points along the
z-axis, which runs through the center of the two ring paie). $ingle ring of magnets: each
of the six magnets are the same distance from the z axis artetpdintr of interest. (b)
Two corrector rings: on each ring the distance to the z axisgaal, but the magnets on each
ring have a different distance to the point of interegixcept at the center poing,avhere the
distances are equal. (c) Four corrector rings or two pairscofrector rings: the magnets on
ring 1 have the same angles as ring 4 and so do the magnetsgsm2iand 3, thus making the
system symmetric.

Table 6.1: The position and magnetic dipole moment vectarshie magnets shown in Fig-
ure 6.1. The ring is determined by the indexan

r m/e

rx ry rZ rnX rW rr]Z

1 0 — | -7 cos6 sin@ 0

2| —V3l/2| —1/2| —z | cog@+m) | sin(@+m) | O

3| —V3l/2| 1/2 | -7 cosé sin@ 0
4 0 I -z | cog0+m) | sin(@+m) | O
5| V3l/2 | 1/2 | -7 cosf sin@ 0

6| V3/2 | -1/2| —z | cog@+m) |sin(@+m) | O
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wherel is the radius of the ring of dipoles. Thus a single ring of netgrenables control of the
orientation but not the magnitude of the field gradient. Tth aguadrupolar term of arbitrary
magnitude, a second corrector ring is required (Figure B.3le gradient is given by the sum

of the contributions from each ring,

sing sing@y,

dHy 45¢n,5 | 1 1

o~ en 17| oo |tig| cosme ©7)
0 0

wherer; (i = 1,2) is the distance from the magnets on itthering to the point of interest and

(i is the value of odd numbered magnets for ithering.

A small limitation to consider when choosing the strengtimaignets used for shimming
was found. The gradient had/r’ dependence. Thus a probe having a finite length in the
z dimension will experience a variation bHy/dr, even if centered af;, the center point
between two paired rings. This new inhomogeneity can bemaad by making as large
as possible. Hence, the probe’s coil must be centered awayZ, though this reduces the
overall magnitude of gradient that can be produced by theepair. The situation is improved
with the incorporation of an identical second ring pair syetncally opposite to the first, as
shown in Figure 6.3 ¢). This doubles the available gradiesggmitude, whilst further reducing
the z-dependence of thly gradient. The field gradient &, the point between the two ring

pairs is then simply twice Equation 6.7.
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The ideal case for this system is one where the magnets in Rangd 2 would literally
occupy the same space. In this case our rings would be capiadierecting for any field error
within the PMs strength iy up to order 5. It should be noted that Equation 6.7 implies tha
there is a minimum gradient magnitude that a given ring paireorrect for. This occurs when
1 = (2 + 1. To obtain lower magnitude gradientsnust be increased by separating the two

ring pairs along the-axis or PMs of smaller strength should be used.

Nulling higher order harmonics can also be done using thagesy along with using mul-
tiple sets of shimming rings for simultaneously nulling tiple orders of harmonics. The
corrections for second order and third order inhomogeseedire provided in Section 6.6.1.
The PM shims can in principle be used to redu@gsadient simultaneously with aty plane
gradient through a vectorial superposition of magnet daigons which would individually

null the errors in thexy plane andz axis.

6.3 Methods

The magnet is a 16-element NdFeB Halbach array as shown umé=&j4. The elements are
arrayed in four layers to produce a dipole field. The arrayadhasass of approximately 5 kg
with an outer diameter of 100 mm and a usable bore diametet oifh. The resulting field

strength was 0.5 T, or a proton resonance frequency of 21.4.MH

Typical inhomogeneities over a volume of 0.1 fhat the center of the magnet, are approx-
imately 10,500 Hz (450 ppm)(see Figure 6.7 c). Two types ajmetic inhomogeneities can
arise in a magnetic system. One, those produced by the mgiseretization and symmetries
of the magnet design. Two, those due to the accuracy of degiggution and level of tolerace
in fabrication. The magnet described above was designedv® &n intrinsic inhomogeneity

limit of 20 ppm in a field region of 1 mfh The homogeneity was not achieved due to the
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Figure 6.4: The Halbach array, with four rings having 16 NbFeB elementsrded into a
dipole configuration. The outer layers have a radius of 232 while the inner layers have a
radius of 25.0 mm. The strength of the permanent magneteliptl is about 0.5 T (proton
resonance frequency approx. 21.4 MHz

pieces in the Halbach array not having perfectly matcheddjelnd not being placed perfectly
together. Basically the limitation is the in the precisidrconstruction. However, even at the

20 ppm level of homogeneity the field would still benefit frommsming. A third broadening

specific in NMR is the field drift, which is discussed at monegdth in section 6.4.2.

The shimming experiments were performed on water and flatmthcompounds using a
Chemagnetics Infinity 400 spectrometer. Due to the sigmificdtnomogeneity in the field, and
to bypass the probe coil ring down time, a single spin echdaetawas used to measure the

center frequency and linewidth of the peak.

Field measurements, for the first attempts made at mappéfield see section 6.6.2, were
made using a home built probe which consisted of a solenaidabcoil of length 2 mm and
inner diameter 35@«m, using copper wire of width 50m, wrapped around a capillary tube of
outer diameter 35@rm and inner diameter 250m. It was a single resonance probe with the
tuning circuit located out side of the magnet. This alloweel ¢oil to be on a thin rod which
could be moved via a positioning system for accurate fieldpimap(See Figure 6.6). The tube
was filled with MnC}p doped water, to keep the Telaxation time under 1 second in order to

speed up the acquisition time typically to under 2 minutes.
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Figure 6.5:(a)A face-on view of a single shim ring. Within each ring tiv &e equally spaced

at angles separated by 60 degrees around the diameter. @)W pairs of shims rings used
to null a field. The casings for the permanent magnets areevibérin. The center-to-center
of each pair is 25.1 mm. However if the strength of the mageét® high additional spacers
could be added. (c) A single pair of the shims. Within each paé has the magnet at the
base of the casing while the other has them at the top makerg #djacent. (d) Each PM has
a diameter of 5.1 mm. The centers of permanent magnets peiady 2 mm apart, making
them close enough to almost null the other’s field when plategposition.

The harmonics correcting device consists of four azimiylealenly spaced cylindric PMs
mounted into rings of Delrin, as shown in Figure 6.5. The Pkéssanall cylinders of NdFeB
with radius 2.5 mm and length 2 mm. Each PM can be rotated irytidane but is prevented
from rotation into thez direction. Each ring of PMs is directly adjacent to anotheg (Fig-
ure 6.5b and c), in the axis, creating two pairs. The distance between the two raigs gan
be increased by adding spacers. This reduces the magnittite aorrection gradient, as de-

scribed at the end of section 6.2.2. Further issues comgethe rings can be found in Section

6.6.3.

Magnetic field maps were constructed from the proton resmmérequency of water (Fig-
ure 6.7a and b) with the mapping coil oriented parallel tazth®is in order to obtain the small-
est possible voxel size in they plane. The probe was positioned using a translational séege

shown in Figure 6.6, which had a positioning precision oflvm in all three dimensions.

Using a map of they plane of the magnetic field at tifg position, the dominant inhomo-

geneity in the magnetic field was determined to be quadrupota 2. The values ofiHy/dx
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Figure 6.6:Total overview of the experimental system showing the P simgs within the
16-element Halbach-array magnet. The probe coil is pladedecto the shim ring’s center
and can be precisely positioned using a translational systallowing for mapping an area
of interest in the Halbach-array magnet. Our tuning and rhatg capacitors are located
outside of the magnet so that the coil can have free movemsidei the bore of the magnet.
The positioner is affixed to the outside of the permanent etagrensure that the position is
reproducible. Each platform within the positioner has agsgon of 0.01 mm.

anddHy/dy were determined and used to solve Equation 9.3 for the agglesnd @. The
anglesg and@p were calculated from Equation 6.3 and the PMs were manuaéyied into

their respective directions.

6.4 Results and discussion

6.4.1 Experimental

Figure 6.7a and b are maps of tHg component of the magnetic field before and after place-
ment of the shim rings. The shim rings compensated for a gnadif approximately 2.78

G/mm at 300 degrees with respect to the positiegis.

In further experiments the nullification of tixg plane, first derivative, gradient was accom-
panied by a significant improvement in NMR linewidth. In thenter region of the magnet,

before shimming, linewidths were as great as 12,000 Hz. réigu7 c) and d) demonstrate
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Figure 6.7:(a) A field map of the center region of the magnet. Points wakert at even
intervals around the circumference of a circle of radius 1 ,namd further data points were
taken within the circle. The gradient was determined to beraxmately 2.78 G/mm with an
orientation of 300 degrees. (b) A field map of the same regidboviing shimming. The gra-
dient was successfully nullified. (c) Spectrum of Mndtiped water without shimming after
128 scans. The half peak width is 10,500 Hz (450 ppm). (d)t&pe®f MnC} doped water
after shimming after 128 scans. The half peak width is 1,20{36 ppm). This is an 8.75
improvement in linewidth. (e) Spectrum of a mixture of higxarobenzene and perfluorinated
polyether without shimming after 128 scans. No chemicakimétion can be seen. (f) Spec-
trum of a mixture of hexa-fluorobenzene and perfluorinatdggtoer with shimming after 128
scans. The chemical shift difference is clearly resolved.
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the spectroscopic improvement on a water sample. The watiifin of the gradient led to a
concomitant reduction in half peak width from 10,500 Hz (4f@n) to 1,200Hz (56 ppm),
or an improvement of about 8.75:1. Following the “one-shaitimming process, linewidth
improvements of 7.5:1 were commonplace, whilst improvesehup to 9:1 were sometimes
observed. In other experiments, the linewidths of &6 species were improved to reveal a
chemical shift splitting that could otherwise not be resdlvas demonstrated in Figure 6.7 e)

and f).

Our multi-element Halbach magnet typically exhibited @rih the gradient of the (main)
static field on the order of 0.05 G/mm andt 5 © over the course of a day, due to the poor
temperature control in the room (13922°C over 24 hours). As for any permanent magnet,

adequate temperature stabilization is required.

Further improvements in linewidth can be made by identtyirgher-order inhomogeneities
following shimming, and adding additional shim rings toreat for them. Such additional cor-
rections were not necessary in order to resolve'®fechemical shift in a mixture containing
two fluorinated compounds. For higher resolution spectpgsuch as proton NMR, where

the whole chemical shift range is 10 ppm, this method woulddxessary.

6.4.2 Error analysis

The shimming magnets are themselves a source of uncertiirtyo the lack of precision
knowledge of the easy-axis(direction of the remanent fielthntation and field strength of
each PM. The variations in these properties are due to udabla inaccuracies in the fabri-
cation process. However, in principle these errors cowdd Bk nulled with the system itself.
Adjustments of the PM after further inquiries into each PMsperties and further iterations
of the mapping, shimming system would eventually allow tystem to shim out its own inho-

mogenieties.
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Figure 6.8:The xy coordinates of the PMs, atare projected on the plane of the field map at
Zo, and are indicated by the white circles. The PMs were origstethat the gradient should
be in the + x direction with a magnitude of 2.78 G/mm. (a) Maphaf standard deviation of
the gradient over the 100 simulations. This map gives a measfuthe response of the field
gradient to variation in PM orientations and strengths. Htandard deviation of the gradient,
2.78 G/mm, in the center region is under 0.4 G/mm. (b) Map®fitH;/dx component of the
mean gradient, with no error in the magnet strengths andrdagons. The area where the
gradient is within 20 % of the desired gradient at the cent@mprises a region of about 1/5
the total width of the shim ring.

The response of this shimming method to these inaccura@ssawalyzed through com-
puter simulation. The computer program used the chargd shaael described by Schlueter
et al. [40] to calculate the magnetic field due to the PMs. Tiefield strength standard de-
viation was estimated to be 20 percent while the error in thentations of the magnets was
estimated to be 3 degrees (standard deviation). This i@riaias included as a random value
added or subtracted from the strengths and orientatiortseedPMs. One hundred simulations
were run and the data are displayed in Figure 6.8. From this,concludes that, within the
center of a harmonic corrector ring, a large portion of theaaran be used to provide desired

gradient corrections.

For a shimming method to be useful, the gradient from the ghimt be uniform across
the spatial extent of the coil. These data imply that thearegvithin center of the magnet
has a tolerable variability in its field gradient. This ragiould be made larger by increasing
the accuracy of magnet orientation and improving the coesty of the surface fields of the

magnets.
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6.5 Conclusion

It has been shown that harmonic corrector rings can be usglinothe field of a permanent
magnet, leading to NMR linewidth improvements of up to areof magnitude. Nullification
of the quadrupolar inhomogeneity has been demonstratedh@nchethodology for higher-

order harmonics correction using further sets of rings leenloutlined.

The method has been shown to be robust in response to inli@aaTtainties in the strength
and orientation of the PMs. Adjustment of the angle and ntageiof the applied correction
gradient is simple, allowing for quick response to driftiie tmagnetic field. The method could

be further sped up by automation of the magnet reorientation

The low-cost, simplicity, and flexibility of this shimmingedice make it a useful tool in
the development of magnets where field homogeneity is impbthut shimming coils are
unsuitable. In particular, the large size of the usable siegh region in comparison to the
overall size of the corrector rings makes this shimming metharticularly convenient for use

in small portable NMR systems.

6.6 APPENDIX

6.6.1 Higher order gradients

In general, a ring oh equally spaced permanent magnets can be used to null up tohara
of ordern— 1. Thus the corrector rings described in this paper couldseel to null an inho-
mogeneity of up to a decapole. The analytical expressianhésecond and third derivatives

of the field are:
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Table 6.2: The magnet positions, magnetic sextupole veatal octupole moment vector for
the magnets of Figure 6.1. The ring is determined by the imehex

r m/e n=3 m/& n=4

I ry ry my my m; my my mg

1 0 —I —Z cosf sin(8 + m) 0 cosf sin@ 0
2| V32 | —1/2 | —z | cos(0+4/3m) | sin(0-+4/3m) 0 cog 6 +5/3m) sin(@+5/3m) 0
3| —v3l/2 | 1/2 | —z | cog8+8/3m) | sin(648/3m) 0 | cog0+10/3m) | sin(6+10/3m) | O
4 0 I -7 cosf sinf 0 cog 0 +5m) sin(6 +5m) 0
5| V312 /2 | —z | cog0+4/3m) | sin(6+20/3m) | O cog0+4/3m) | sin(6+20/3m) | O

6| Vv3/2 | —I1/2 | -z | cog0+8/3m) | sin(6+25/3m) | O cog0+4/3m) | sin(6+25/3m) | O

—— =——_|Z[2Im +ml] —fmf — Ffm

o
Q
N
I
=
(6]
Ul

—mPf — (m-7)[21F +71 |+ 7(m-1)FFF (6.8)

and

d3H 15

——=—— | 7(mFff +fmFTf +Ffmf +FFfm
dr3 4m6[

AAAA

—3(1fm +1fr +(m-#)11) —2(Flm +mIf) — (mfl +Fml)]|. (6.9)

Substitution of the terms for the dipole positions from E®I2 and orientations calculated
in Equation 6.2 yields usable expressions for the secondharttiderivatives, given in Tables

6.3 and 6.4.
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Table 6.3: Non-vanishing tensor components of the seconidatige d°Hy/d’r calculated
from equation 6.8 through substitutionroandm from Table II. Summation ovep, gives the
solution for multiple rings.

indexing term

452¢,
1679

[ | times

1| 1 | —3(712—6r2)cose
1| 2 (712 —10r2) singn
2| 1 (712—2r?) sing,
2| 2 | —(712—6r?)cosg

3| 3 | 4(712—6r?)cosg

Table 6.4: Non-vanishing tensor components of the thirivetive d®Hy /d>r calculated from
equation 6.9 through substitution ofand m from Table Il. Summation oveg, gives the
solution for multiple rings.

indexing term
: : : 315, sin
i gk times =2 "

1{1{1] 3(94+208°/63—412r2(2+r))

11212 12 (912 — 4r3)

1133 4(91%+2r°—1%r2(9+2r))
2112 9144 160r°/21— 41%r?(3+4r)
2121 914+ 16r5/7—412r2(3+4-r)

3|1|3|4(9*—22r2(6+r)+4r*(1+5r/21))

3|3|1| 4(—9%—105/74+2%2(34r))

6.6.2 First probe and field mapping

The first mapping was done with a home built probe, in whichstia¢or had slots built into it

at designated distances and the coil was ghje to be movedstadrto slot as shown in Figure
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Figure 6.9:a)The first probe design to map the inhomogeneities of thek f&dbts were .083”
apart. b) A field map taken with this system. Though a quadaufiield could be seen from it,
the map was unreliable.

6.9. The Halbach magnet would then be turned, &3ing the marks on the outside plate to
determine a 60angle increment. The first field mapped gradients from thsgesy didn’t come
out as a clean quadrupole. The orders of inhomogeneity cmtldbe determined. This was
for several reasons; at the time it required between 1024gees and 4096 averages to see the
spectra, which meant the frequency could have significalnified over the experiment’s time.
In the following system, refining of the coil and probe rediittee number of scans needed for
usable data to between 16 and 32. The second problem waséhegiter slot position was
not necessarily at the center of the Halbach array, and thageno way to determine how
far off it was from the center. Mapping the center is the magpartant since that is the
most desirable area to do an experiment. The center of theeh&égthe most important to a
rotating experiment becasue of the compounding effectsnmyenieties have during roation.
If the coil is placed on the magnets axis of rotation theredsbmadening from the field
inhomogeneities as the magnet rotates, but the furtheraiway from the center of rotation it
will experience more field inhomogenieties. Since the mdpks by rotating the magnet and
probe coil’s location to the axis of rotation in unknown ttika true direction of the gradient is
unknown. The third problem encountered was that the coileeasiderably smaller than the

slots. Attempts to place the coil in the center of a slot weeele) but the precise placement
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Figure 6.10:(a)The original Delrin container, with three screws keegpiime top and botton
part together. Six access holes were made so that each PMabrrieg could be turned while
in the magnet. On the sides of the containers are locking amesims used to maintain the
shims orientation to magnet while it spins. (b)A specialigerew with a moon shaped tip was
used to turn the magnets. This was useful in distinguishetgden the the north and south
pole on the magnets. The screw slipping through the Delicgs to set the PMs. (c) Since
the magnets were slipping severely we needed to tightemvthpdrts of Delrin holding them
in place. The six wholes used to access the magnets wereinsedtgere was no other space
on the piece. (d) We designed the screws to have a whole ntsrcsuch that the screw could
still access the PMs while in the Halbach array.

was impossible to accomplish. This system could not prodeic&ble map so a more precise

positioning system and a new probe were developed.

6.6.3 PM containers

The pieces have passage holes which allow the PMs to be twiniézlithe shims are stacked
in the magnet. Different rings can be accessed by lining aptlter rings passage holes. The
original pieces were made out of phenolic. However the metesas too brittle and snapped
under the pressure needed to keep the PMs from slipping. fidlenfiaterial was chosen to be
Delrin but possibilities for future designs are aluminumads, or other non-magnetic metal.
The more rigid material helps keep the PM from slipping whethe Halbach magnet. Metals

can be machined thinner which would let magnets in a pair lgseg allowing a pair to be
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better nulled.

Since in the Delrin the PMs were slipping new screws had to &éanvhich went into the
passage hole designed to turn the PMS while in the Halbaely.aAs seen in Figure 6.10

these screws were specially designed to allow turning oPfis to still remain.
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Chapter 7

Projected Magic Angle Spinning

7.1 Introduction

Monitoring metabolites in tissues to detect changes irutzllfunction due to disease has
been done by high resolution proton NMR. [41, 42, 43, 44, 46klver, resolving useful
NMR spectra with a static sample of tissue can often be diffteecause of inherently broad
linewidths. The NMR linewidth is broad, causing spectratidap, mainly due to local field
gradients arising from the variations in local magneticcepsibilities. This anisotropic inter-
action as discussed in section 4.2.4 can be time averagedveitvathe rapid spinning of the
sample at the magic angle (MAS), which transforms as a secuadet Legendre polynomial,
P, (cosBr). This interaction is fully eliminated whe, (cos6Rr) is equal to zero, that is, when

the rotor is at the magic angle of 54.74 degrees with respabttmain magnetic fieldBy.

MAS is used for studying diverse materials such as protémsganic solids, polymers,
and macromolecular crystals. The rotational speeds in M&she as high as 80kHz. On
the other hand, slow spinning techniques are essential ¥ariaty of experiments including

rotating field NMR (Chapter 5), intact organ studies, anthfivanimal studies. [46] Pulse se-
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guences such as 1D- Total Sideband Suppression(1D-TO3S31d 2D-Phase Altered Side-
band Suppression (2D-PASS) [48] have been used to studgegkbiuman tissue. [44] [49]
These recover the isotropic spectrum at slow spinning spénedugh rotor synchronization of
the pulses. Other sequences like Magic Angle Hopping (MA3),vhich uses three distinct
stationary positions, and Magic Angle Turning (MAT) [51]2[5[53] have been used to take

spectra of metabolites in tissue and organs for both extis&aes [54] and a living mouse. [46]

Slow spinning speed is an arbitrary term, but generally iespthat the sample rotates
significantly more slowly than the time scale of the anisggrowWwhen spinning slower than
the anisotropy, sidebands emerge at the rotor’s spinneguéncy. This makes the effective
signal-to-noise smaller. Yet, pulse sequences for slowspg samples can be advantageous
relative to the MAS analog because they not only recoversb&apic spectra without fast
spinning speeds but also correlate the isotropic and anjsotinteractions together in a 2D
spectrum. This retains important information otherwiss.ld@ he first dimension is the mani-
fold of sidebands under the stationary powder pattern epealhile the second is the isotropic

spectrum.

Techniques other than slow spinning have been developethvgive the isotropic spec-
trum correlated to the anisotropic spectrum. These inctadeniques of variable angle cor-
related spectroscopy(VACSY). From this technique, whisesumany angles incremented in
small steps, another technique was developed, projectgldvAngle Spinning. (See sec-
tions 4.2.6 and 4.2.7) The p-MAS pulse sequence needs oplahgles to obtain a high-
resolution spectrum which has both anisotropic and isatrisfformation. The separation of
angles needed for a useful spectrum has a practical limé.aRgles can both be significantly
smaller than the Magic Angle, but too close to zero will resuho signal. The p-MAS method
produces scaled isotropic spectra, but is useful for sasnwplech can not be set to the magic

angle, for example an enlongated sample.

In this preliminary study the spinning speeds are fastar toauld be used on a living crea-
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ture, but it shows that p-MAS can produce high-resolutioectqa for elongated samples, or
tissues from nonliving organisms. For living organismsrailsir experiment could be used
with a rotating field magnet as living organisms are diffitaltotate. This experiment woulde
use both the p-MAS pusle sequence and slow spinning tecbsiilike magic angle turning

(MAT) which combine to make the projected magic angle tugnip-MAT). This pulse se-

guence and supporting hardware, which is under developraentdiscussed in chapter 8.
Because of the technical difficulties associated with p-ME proof of principle experiment

was used to show that the isotropic spectrum from tissue eardwolved for a projected data
set. Initially this was tested using a model system of wagads and oil. [38] The results
presented here suggest that the tissue broadening isllypatizelated as the results from the
model system had suggested. This provides motivation tbdupursue development of the

p-MAT sequence.

7.2 Theory

The Hamiltonian for a sample with an anisotropic broadenumich is spun faster than the

relevant anisotropy is the sum of the isotropic and anigidrparts:

Ho (8) = Hiso+ P> (c0s0) Haniso (7.1)

The pulse sequence for p-MAS is shown in Figure 7.1. This ix@at has two evolution
time periods: the first evolution is indirectly detected hgrementing time; at 61, and the
second is detected directly duritgat Bro. While the angle is changed (typically 10-50 ms), the
magnetization is stored along thexis with a 90 pulse, then restored with anotherqulse.
The experiment itself correlates two anisotropic dimensioith the spectral width determined

for on each dimension bl (cosBr1) and P, (cosOry), respectively. The isotropic spectra is
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Figure 7.1: A p-MAS pulse sequence allows recovery of isotropic spdrim anisotropic
samples using spinning angles other than the magic angle 21 NMR experiment consists
of a 90 pulse which places the magnetization in the transverseeplansecond 90pulse
which stores the magnetization as the sample switchessragid a third 90 which places the
magnetization back into the transverse plane for detecidhe second angle. Phase cycling
selects the desired coherence pathway.

recovered from a shearing line determined by the valueBzpfand Br,. That spectrum is

scaled-down by a ratio, the chemical shift scaling factghased on the angles chosen:

_ Py(cosBr1) — P> (cosbro)
P, (coBry) + P> (coBRry)

(7.2)

The beneficial range of angles is confined by the chemical staling factorA, which
depends on the spinning angles and the difference in thaiggimangles. The benificial range
is wider that would be first thought as the residual linewsdtlo not scale with angle. A plot
of the scaling factor for different paired spinning anglasg a constant inherent linewidth,
smaller than the induced broadening, is showing in Figu2ze The scaling factor from angles
close to zero can be very small as it depends on both the @bs@lues of the angles and
the difference between the two p-MAS angles, which may seempair the usefulness of

the technique. Fortunately, the residual linewidth causgihhomogeneous interactions is
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Figure 7.2:The reconstructed isotropic chemical shift scaling fastas functions of two dif-
ferent spinning angles

also scaled, actually maintaining the usefulness of thenigce. The true limiting factor for
choice of angles, in the p-MAS experiment, is the homoges&ooadening mechanisms, like
T,, which do not scale, relative to the chemical shift diffexes, that maybe inherently small.
Once the scaled chemical shift difference is on the orden@hibmogenious broadening the

peaks will not be resolved.

The theoretical minimum linewidth obtainable in the proij@c from p-MAS depends on
the level to which the frequencies present are correlatdtenthere are perfectly correlated in-
teractions the projection experiment gives the isotropactrum. [55] An example of a highly
correlated interaction is the chemical shift changes ahibgesusceptibility differences. An
example of a highly uncorrelated interaction is the chehsbdt changes induced by sample

disorder. [56]

For tissue samples, linewidths are broadened by diffeseimcamagnetic susceptibilities of
the cellular structure, mostly by the lipid bilayer of thdlagalls. The direct dipolar (DD)
coupling minimumly contributes to line broadening as thgamgy of the cell is still a solution

and the molecules have high mobility. [57] Despite thesedpemeasurements of residual DD
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couplings have been observed for metabolités wivotissue samples in studying muscle fiber
ordering effects. [57, 58] The DD coupling in the sample fos study though are averaged out
at the spinning speeds which are used. An interesting pbgsise for p-MAS in the future
would be to correlate the DD couplings to the isotropic sgeckor this preliminary study,
p-MAS is used to evaluate the practicality of eliminatingsatropic interactions for biological
tissue samples by spinning two different bovine tissue $asmt small angles compared to the

magic angle.

7.3 Methods

Bovine muscle and liver were acquired by taking a 45 min waltvil College Ave. to the
Andronico’s and then taking a nice 45 min walk back to campgusing which the walkie was
proposed to by a bum on the street. The muscle and liver sam@ee “double deuturated”
by soaking them in a solution of 50 mM NaClLD for 10 hours and then refreshing the
solution and soaking for another 10 hours. The samples weartehted to remove the strong
proton water signal and signal from other exchangeableopsot The NaCl solution more
closely resembled the natural environment of a cell thae pyO, thus stabilizing the sample
during proton deutrium exchange. The proton exchange rdeilas used instead of a water
suppression pulse sequence to simplify the experimentebenvin the future water addition
of suppression pulse sequences will be desired. This wilinpertant forin vivo experiments

since they cannot be ‘twice deuturated’ beforehand as itavill the subject.

These samples were packed inside a 4mm Varian Pencil MAS wiin specially made
Kel-F, o-ring spacers shown in Figure 9.5. The spacers wenetto prevent the sample from

drying out. [59] Packed this way, the sample maintains spktsolution for several days.

NMR proton!H, spectra were taken on a Chemagnetics (Varian) Infinitgtspeeter with
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a Larmor resonance frequency of 500MHz. The probe is a suitetg-modified Varian 4mm
HX switched angle probe. A split solenoid is used to prevemtability in theB; field and
makes the 90time independent of spinning angle. Similar coil designsengsed in other
recent experiments. [60] This type of coil produces a conidda field, perpendicular to the
By field, a method different from a traditional solenoid wouradtgllel to the spinning axis of
the sample. As sensitivity is not a limiting factor, the sdenpsing the spacers, was restricted
to a small region in the coil to get homogeneous excitatisrgshown in Section 4.1.1. One-
dimensional static (non-spinning) and MAS spectra wereli@ed using a standard one-pulse
experiment, with @81 frequency of 50kHz, and a standard 90, 270, 0, 180 phase. cicle
quisition length for the static spectra was 8192 pointshwispectral width of 20kHz, and 16
scans for muscle while 64 scans for liver. Acquisition faa MAS spectra was 8192 points, a
spectral width of 20kHz and 30 kHz, a spinning frequency @#kHz and 6kHz, and 4 scans
and 64 scans taken for muscle and liver respectively. Thena shifts were assigned by

designating water’s resonances as 4.7ppm.

For p-MAS, depicted in Figure 7.4 [38], a two-dimensionaladset was collected. Fre-
guency sign discrimination in both dimensions was achiavithl phase cycling. The angles,
6r1 andBry, for both samples were 4.5 degrees and 26 degrees, reslyedtfie time to switch
the angle was 50 ms. The accuracy of switching to the same &ngbktimated to be close to
0.1 degrees. The muscle sample was spun at 2 kHz while thheragspun at 6 kHz. For both
samples the indirect dimensidri() had 256 points and the direct dimensiti2z) 2048 points.
There were 16 scans acquired for each point in the indirecédsion. The isotropic spectrum
was recovered during data processing after shearing tlaeséaiand projecting the spectrum

onto the axis.
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Figure 7.3:a) The static bovine muscle spectrum. b) The MAS(1.7 kHz spianing fre-
guency) bovine muscle spectrum. The spinning sidebanddemsignated with an asterisk
(*). c) Projection from the p-MAS spectrum of bovine musdlee partial assignments are
1:(0.8ppm) triglyceride terminal -B3, or neutral amino acid -€l3 2: (1.2ppm) Triglyceride
-CHz-CH»-CH. lactate, threonine -B3 3: (1.5ppm) not assigned 4: (1.9ppm) triglyceride
-CH=CH-CH»-CH, 5: (2.1ppm) triglyceride -Ck+CH»-CO 6: (4.0ppm, 4.2ppm) triglyceride
-CH=CH-CH-CHpy, triglyceride -CH-CH»-CO 7: (4.7ppm) water 8:(5.2ppm) phosphocrea-
tine N-CH .
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Figure 7.4:The p-MAS pulse sequence gives two-dimensional corretmectra between the

anisotropic line shapes dependent ar(¢dsfr) of 6g1 and 6:2. Even though the direct and

indirect linewidths are broad the isotropic spectra can d#aned on a shearing line. The

slope of this is determined by the angléd and 6g2. The spectrum is plotted in kHz instead
of ppm because of the chemical shift scaling. The spectr@gbaontour levels and is plotted

on an exponential scale in order to accommodate the larggeanf intensities observed in

different peaks.

7.4 Results and Discussion

The data collected from bovine muscle are in Figure 7.3. Tagcsspectrum in Figure 7.3
a) shows a strong water signal at 4.7ppm, the triglyceridéhyhene protons at 1.2ppm, and
some poorly resolved resonances for other species. The MA&ra in Figure 7.3 b) shows
several more resonances. The assignments known from pstyipublished work [54, 61]

are presented in the figure caption. Figure 7.3 c) shows theoppately projected p-MAS

spectrum after a shearing transformation and re-scalirthedsotropic spectrum, using.

This spectra contains the same information that the MAS.does

The two-dimensional p-MAS spectrum is shown in Figure 7.4How the type of data
obtained in this experiment pre-shearing. Broad lines eem $n both the direct and indirect
dimension in the 2D spectrum, but the isotropic spectrumbsareconstructed along a shear-

ing line determined by the two angles used. The resonansegasl in the 1D spectrum are
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all distinguishable in the 2D p-MAS spectrum. The residuswidths in the p-MAS projec-
tion are slightly larger than the MAS spectrum’s residuagWidths. This is due to truncation,
caused by not acquiring the time domain FID until it reach&® signal, in the indirect di-
mension. These effects can be minimized by using method®thgb the rest of the FID such
as linear prediction or maximum entropy. These proces&agriques do not show the true
capacity of the pulse sequence’s usefulness and can nosthe yised in a proof of princple
experiment. The downside of the p-MAS is that it is inhengiatltwo-dimensional method
meaning that the time to acquire it greatly exceeds the tona fone-dimensional spectrum.
In most two-dimensional experiments the indirect dimem'siguality is sacrificed, meaning
truncated, to minimize the acquisition time. However, thgeotive with this experiment is not
to replace MAS but allow experiment that would otherwisel®possible to be done such as
in the case of an elongated sample that can not be spun at tfie amgle in the bore or in a

rotating magnet set up.

The data for the bovine liver is shown in Figure 7.5. The staiectrum shows a large
water signal at 4.7ppm, and a broad resonance composed ioidisenguishable resonances
from individual metabolites. The MAS spectrum, Figure 7)5dhows more detail than the
static spectrum. Figure 7.5 c) shows more closely the reaiween 0-4ppm in which dis-
tinct resonances can be assigned based on previous sgigesjn the caption. [54, 62] The
projected spectrum, Figure 7.5 d), shows the same resomameeh are in the MAS spectrum.
The linewidth in the MAS and p-MAS for the liver are compamabidicating that the indirect
dimension FID was not truncated. As the liver has a shdifewhich means that the signal
approaches zero faster and has inherently larger linewidiinis could be attributed to the

higher concentration of paramagnetic compounds in this ofprgan, or to its morphology.

An additional mechanism of linewidth broadening besidegmetic susceptibility is molec-
ular diffusion. In an ideal MAS experiment, each spin retutm the exact same place at the

end of each rotation period. Molecular diffusion causessihias to be displaced from their
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Figure 7.5: a) The static bovine liver spectrum. A large water signal Iserved and a
small triglyceride signal. b) The MAS(6kHz rotor spinnimgguency) bovine liver spectrum.
The spinning sidebands are designated with an asteriskq))The metabolite region of the
MAS spectra. The partial assignments are 1:(0.8ppm) trigligle terminal -&3, or neu-
tral amino acid -GH3 2: (1.2ppm) Triglyceride -ChtCH,-CH, lactate, threonine -83 3:
(1.9ppm) triglyceride -CH=CH-El2-CH> 4: (2.2ppm) triglyceride -Cp+CH»-CO 5:(2.7ppm)
triglyceride -CH=CH-H,-CH=CH- 6:(3.1ppm) choline, phosphocholine agdglucose -
CH3 7:(3.5-3.8ppm) glucose and glycogen 8: (4.7ppm) water 92pm) phosphocreatine
N-CH3. d) Projection from the p-MAS spectrum of bovine liver.
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previous location. Furthermore as the spin diffuses to f@miht tissue location which has a
different magnetic susceptibility or chemical shift emviment it undergoes decoherence. The
important time scale for this interaction is the time scdla ootor rotation. For speeds used in
this experiment the diffusion broadening is probably natarse of line broadening. Diffusion
for spinning speeds greater than 100Hz have contributidnshascale ags_l?, whereF; is the
rotor frequency in Hz. For this experiment, the relevanfudibn linewidth broadening hap-
pens during the hopping time, It is desirable to reduce this effect in the p-MAS experiinen

so faster switching times could be useful.

7.5 Conclusions

The p-MAS technique produces spectra that are functioegjlyvalent to conventional MAS
spectra for tissue samples. Metabolites’ resonances pagaged by the p-MAS spectra from
that of water in muscle and liver tissue samples. The patknse of p-MAS for less invasive
in vivo biological tissue studies was demonstrated. There is alplitysof improvement with

water suppression in addition to the p-MAS sequence, or tBctlag other nuclei with greater

chemical shift differences such &C or 3P in future experiments.

The p-MAS technique allows the user to choose the angle basedmple geometry or
experimental setup factors only limited by the chemicaftdgaling inherent to the p-MAS
method. This method should be useful in cases where the saraphot be spun at the magic
angle, for example an elongated samples where it has to Ineasgmaller angles to fit into the
magnet bore. This is also a proof of principle that a rotafialgl experiment where the field
angle is switched between two small angles could be usedadogital samples. Discussion
of rotating field NMR can be found in Chapter 5. [37] Improverhand implementation of a
p-MAS sequences will be necessary to a commercially pi@atitating field system because

of either the large power requirements to rotate a magnetatdr the use of power to produce
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the magic angle in an electrocoil. The p-MAS techniques nethb deciding factor in making
rotating field experiments possible and practical by gitimgm the necessary sensitivity and

resolution.
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Chapter 8

progress towards

Projected Magic Angle Turning

8.1 Introduction

In the previous chapters the removal of anisotropies thrauggic angle spinning has been
discussed extensively. The possibility of spinning the nedig field instead of the sample was
also discussed, Chapter 5. Magic angle spinning is useftd ability to remove anisotropies
but is restricted by having to be at the magic angle and haeisgin faster than the anisotropy.
Other angles than the magic angle can be used if the p-MA® gelsuence is used, Chapter 7.
Anisotropies are removed for slow spinning systems whensemequence like MAT, PASS,

or TOSS is used. [63]

The construction of a pulse sequence that is a combinatiagheop-MAS sequence and
the slow spinning sequences could be of particular valu@meesexperiments. The rotating
field experiment could benefit greatly from such a pulse secgieOther uses are for samples

that are destroyed under fast rotation and that align to tagnetic field like some liquid
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crystals. [64]

The specific slow sequence chosen depends on the speeddia sgperiment can handle.
The TOSS and PASS pulse sequence give very good data arottzdabkli decent down to
about 250 Hz while MAT is better for experiments 250Hz andbe[63] For the interest of
this project where rotating field NMR is the main goal, the Mgdgquence is most ideal since
the mechanical rotation speed for such a system is slower268Hz. Specifically for the
system that was built and described in Chapter 5, a permanagmet that can rotated up to
50Hz. The combination of the p-MAS and MAT pulse sequenceslied p-MAT. Another
interesting sequence that the MAT could be combined witlhés\MACSY. [28] This would

give similar data to the p-MAT and could be taken with the sam&umentation.

8.2 Theory

The theory for p-MAT, like the sequence itself, is a comhbimabf the theory for MAT and
p-MAS. The same interactions are of interest in this expeninas in the p-MAS and have the

Hamiltonian:

Ho (8) = Hiso+ P> (c0s8) Haniso (8.1)

The anisotropy in the p-MAT sequence is averaged out by ttee synchronized pulses
rather than fast spinning; therefore, the MAT is indireatBusing the same interaction as
MAS. When adding the MAT to the p-MAS sequence it's importankeep in mind that the
fast spinning of MAS is present during both theandt, dimensions. Therefore, the MAT
sequence needs to be added to bothilendt, sections to make the p-MAT pulse sequence

work, shown in Figure 8.1.
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Figure 8.1:a)The MAT sequence, for spinning slowly b)The p-MAS seegudorcspinning
away from the magic angle. c) A possible p-MAT pulse sequeses the MAT sequence
in 4.9 a). This sequence is a little bit simpler than 4.9 b) bot as robust as some MAT
sequences. d)Another possible p-MAT pulse sequence eseplh echo MAT from 4.9b).
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The p-MAT ezperiment is three-dimensional. The first timaqukis incremented by the
timing of the 180 in the first MAT sequence. This interaction occurs at the euéigi and
the dimension’s width will be determined % (cosbr1). The magnetization is then stored
along z, as in the p-MAS, while the sample hops to a seconaaitle second time period is
incremented by the timing of the 18ih the second MAT sequence. This interaction occurs at
the anglebre and the dimension’s width will be determined By(cosfr,). The last dimension

will give the spinning sideband pattern and the width is agkdtermined byp, (cosfry).

The MAT data is recovered from a shearing plane which is detexd by the angleér;
andBr.. From the MAT data, the isotropic spectrum can be recoverbd.MAT data will be

scaled, and consequently the isotropic spectrum also:

_ Py(cosBr1) — P2 (cosbro)
P, (coBry) + P> (coBRry)

(8.2)

The experimental parameters, angles chosen, of the p-MAhaie the same restrictions on

the beneficial range as the p-MAS.

8.3 Probe Building

The basic parts of a probe are discussed in Section 3.3. Télepairts of making a p-MAT

probe are to have a probe which can switch angles and stablyhsgpsample at slow speeds.
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Figure 8.2:The schematic for a typical double resonance probe. [13)kauiable capacitors
are used, two for each channell@C , C2, Cy. A channel is retuned by changing out the non-
variable capacitors. The non-variable capacitors are soétl between the variable capacitors
of each channel. This changes the over all capacitance witthaving the exchange out the
variable capacitors. The circuit above has a possible c#pacCs, between the high and low
frequency channels, however for the p-MAT probe tuningwlais not necessary. There is a
second inductor in the circuit which determines which crelmnfavored.

8.3.1 Remaking a probe

The original probe for this experiment was a two channelid¥arcommercial, probe. It was
originally modified to do some slow spinnirex situexperiments. [31] To do the p-MAT ex-
periment the probe needed to undergo some serious recai®truncluding a new stator and
coil. The proton frequency which was chosen for the expantmas 300MHz even though for
the previous experiment a proton frequency of 180MHz wasd.ushis probe was retuned by
soldering different non-variable capacitors to the vdaaapacitors to gain a proton frequency.
The electronics’ schematic for this probe is in Figure 8.Re frequency was chosen for better
chemical shift difference and for easier tuning as a newwolilld be easily tuned to 300MHz
with the available capacitors. The divider between theostatd the electronics needed to be
reconstructed to run an experiment at 300Mhz as the 180Mstesyis wide bore. A pictorial

diagram of the probe is shown in Figure 8.3.

After the divider was machined and the probe was tuned to tbpep frequency it was
tested for signal and the signal’s efficiency. As calculdtech the nutation curve by comparing

the peak to peak intensity of the first to the third peak, FegBub, the probe efficiency was
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Figure 8.3:A MAT probe.
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Figure 8.4: A p-MAT probe. The stepping motor, controlled by an auxjliaomputer, can
switch between angles in tens of milliseconds. The pullstesyis connected to the motor
through a long rod. At the end of the rod is a disk which scrente the rod. A similar disk
is connected to the sample’s stator. The two disks are coadedth a strong polymer string.
The disks and the string compose the pulley system. The istatade out of kel-F to minimize
proton signal. The leads for the coil are connected to diskilware held to the sides of the
stator. These disks then sit on top of an equal radius copemriagrcle disk lead, which is
connected to the rest of the circuit. These make a tactilaection. This is used instead of
wire leads directly since the switching of the stator wowdige the lead to continually bend
and straighten and break them eventually.
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Figure 8.5: The 90 time is found by varying the length of a single pulse and aaggithe
FID. The data is stacked making a nutation curve. Thet#fe is the first highest peak in the
experiment. See section 4.1.1 for more details. At mudtipfethat time the magnetization
is flipped eventually to 90again, that is 450 and 810 a) A 90’ calibration from the MAT
probe. The efficiency of the probe was found to be 60% by cantptire third peak to the first
peak. b) The 90calibration from the p-MAT probe. The 9€ime is at 65us at 640 watts of
power. Using that much power past 208 could damage the amp so the third® @&ak was
not observed.
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found to be 60 percent. At this point the MAT pulse sequencetifi a) was tried with the

probe.

After the initial tests of the probe the switching mechanisas put in. This constituted a
stepping motor held away from the magnet, a pulley systerayastator that could be moved,

and a new coil.(See Figure 8.4)

8.3.2 Caoils

The coil is the most important part of the probe. It both eexiand detects the spins. For a
dynamic angle probe the coil needs special considerati@nsaddle, bird cage, or solenoid is
used the coil would move with the sample and the effedveould change. This would lead
to the 90 time at each angle not being equal. This is detrimental to @¥A type experiment

but does not eliminate the p-MAS experiment from working.

Possible coil types for p-MAT probe

The MAT sequence works best when thé ithe is small because of the rotor synchronization.
As such the 90time in Figure 8.5 is unacceptably long at 5, the best time achieved to
date. Several different coils shown in Figure 8.6 were tvduch all gave longer 90times.

A split solenoid has been used because as the stator turgsithhemains equivocally in the
same spot. This means that the @the is equal for all orientations. One coil being considere

is a solenoid and having two separately calibratedt®fes for each angle used.
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Figure 8.6: Some of the possible coils tried in the p-MAT probe. Al 8ithes are for 640
watts of power. The coils tried so far have all been split soids with loops either stacked
vertically or horizontally next to each other. a) The firstldded. This coil is a split solenoid
with two loops horizontally stacked next to each other. Eoisoriginally gave a 90 time of

85 us. After the other coils were tried this one was placed intogglobe again as it had given
the best 90time. At that point this coil gave a 9Q@ime of 65y, this change is attributed to
using a different second inductoryLb) This coil had two horizontally stacked loops, for ease
of construction, and 8 more loops stacked vertically. Tlaid B times the number of loops of
the previous coil but gave a 9@ime of 110us. c) This coil stacks two horizontal and two
vertical. It also gave a 90above 10Qus d) Using thin wire, to fit into the 2mm space on each
side time above 100s d) Using thin wire, to fit into the 2mm space on each side ofaineple,
five loops were stacked horizontally. This coil gave a &ove 10Qus d) Using thin wire, to

fit into the 2mm space on each side time of L&0) Since the split solenoid is not giving the
desired 90 time a traditional solenoid maybe used instead. Using thik the 90 time will
need to be calibrated for both angles used.

Figure 8.7: A rod covered in tape with a gap made with tape was used to matkzontally
wound coils. b) A two radius rod was used to make verticallgpped coils.
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How to make coils

Coil wrapping can be a difficult task at first. A few tricks caglfn The first thing to consider
is something the coil can permanently rest on or in. For a abstator this can be some
groves on the inside which the coil is wound into. A surfacé can be etched onto a piece
of plastic using chemicals. The coils for the p-MAT probesevmade to hold their structure
by themselves. To do this the coils were wrapped tightly agld together with super glue.
The glue gave little background noise and was completelkathBy the sample’s signal. The
space for each side of the split solenoid was not bigger tiham.2This severely limited the

number of turns that could be used.

For horizontally turned coils a straight rod could be usedtap the coils. The rod was
first lined with a single piece of tape so that the coil wouldllm®glued to the rod and therefore
permanent. Along this rod some more tape was wrapped at tvatidms with a gap sized to
the space in the stator. The tape made a barrier to push the &mainst and make them fit

together as tightly as possible.

For vertically wound coils a special turning rod was madeasTod had two diameters. The
coils were wound on the smaller diameter and braced agdiastall of the larger diameter.

The surface of the rod, was first lined with tape so that theomild be removed.

Coil calculations

The longer 90 times for the coils were surprising since a coil with moregsshould give
a larger magnetic fieldBs, thus making a smaller 9time. Calculations were used to try
and explain what was happening using the already solvedBi@t equations for a loop of

current [65]:
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Figure 8.8: Calculated field maps for a horizontal coild set up. The cliéidius and spaceing
is approxamatly 15.5mm. The z axis is the center of the déitsn a) to e) on additional coil
is added to each side. The fields progressively become strasgnore coils are added.
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Figure 8.9: Figure defining variables for Bio-Savart current loop egoas, 8.3 and 8.4.
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Hz(z,r)_ﬁ[(a-l—r) +z2] [K+m (8.3)
_ 1z 2 -1/2 a2 +r242
He2n) = 5= |@+1)°+ 2] [—K+mE (8.4)

The distance always from the coil gswhich can be described by two variablesndz since
the coil is radially symmetric. The diameter of the coil s@nhd the current is. K andE are

the complete elliptic integrals of the first and second kind:

K (k) = /Og (1—K2sir2y) 2 dy (8.5)

and

E (k) :/0’—; (1—Ksir?y) " dy (8.6)

Figure 8.8 shows a trend of increasiBgas we expected so there had to be other reasons
for the observed 90times. One possibility is that the resistance in the wirame a RLC
(resistance, inductor, and capacitor) circuit and thecéffe field is being reduced with each
turn added instead of increased. However, this explanaki@s not seem to fit entirely. A
more likely cause is that the two channels are not isolatedway to optimize the high fre-
guency. This is changed using the two inductaxs(sample inductance) arigy (HF tuning
inductance), in the system. The ratio of their inductanoghat is important. For high field
efficiency the ratio'l_‘—fI needs to be low, while for low frequency it needs to be higB] As
the number of loops increases the inductance would incr@ade¢he ratioLrlj increased, thus

giving worse 90 times. To address this problem, the number of loops coul@édeced to one
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on each side, and the inductance frbmincreased.

8.4 Proposed experimental methods
For the first p-MAT experiment the pulse sequence in 8.1 d)heiltried using oil, water, and
beads, with hundreds @fm diameter, for a sample. This sample mimics that of a bicklgi

sample as the cell is mostly composed of water and oil (froerifhd bilayer). Also the beads

provide a magnetic susceptibly which is present in biolalggamples.

8.5 Conclusions

The p-MAT experiment is well on its way to being accomplish&de results from which will

be very useful in rotating field NMR experiments.
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Chapter 9

Other Experiments

9.1 Magnetic Particle Steering

One interesting possible use of MRI instrumentation is erikting a system and then monitor-
ing the changes using the same MRI intrument. Specificalyidba is to use MRI gradients
to steer small magnetic particles. As most MRI instrumemtgehthree gradients this would
mean that the magnetic particle could be steered in anytatireof interest. This could have
applications in a variety of ways. For example deliveringdinimes to a specific location or
bringing one chemical to another for a reaction. [66] Thisldalso be used to seperate mag-

netic materials from non-magnet materials. [67]

Particle movement directly caused by the MRI gradients h@sbeen observed before
because MRI pulse sequences generally do not steer pamtiod® when strong gradients are
used. This is because of the oscillatory nature of the gnéslievhich rapidly switch from
positive to negative, prevents the movement to some exderther reason is that the majority
of samples are not magnetic, as magnetic substances haveeticagusceptibilities and they

distort the image.
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9.1.1 Magnetic force

The force acting on a particle in a homogeneous magneticifigldum of magnetic, thermal,

viscous drag and gravitational forces:

—= 3kT R
F=0O(m-B)+ Tw(t) — 67nrv+mpyg2Z 9.1)

Wherem = %m3M is the magnetic moment,the particle’s radiusB is the applied mag-
netic field, T the system’s temperatune,the Brownian motiony) the viscosityy the velocity,

mp the particle’s mass, argithe gravitational constant.

If the applied magnetic field is the static fieBp, and a first order gradient the component

form is:

0B;

Bi = BOdi73+ r]W
J

(9.2)
Assuming that the particles magnetic moment is always, @vemnage, pointing along the

main magnetic field irz, such thaim = mz, then the magnetic force expression only involves

B, gradients:

98,
ox
dHy 3KT
_ = 0BZ _ _ 5
g =m = + . w(t) — 6mmnrv+mpg2 (9.3)

98,
0z

Thus a conventional MRI gradient could be used to steer &jwn any desired direction.
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9.1.2 Movement

Drag force

The most apparent force to overcome for steering magneticcies is the viscous drag force.
A particle Jum in diameter at a velocity of 1Qm/sec in a viscosity ofj=10"2 experiences a

drag force approximately of:

0.2x10°%23/m, (9.4)

Thermal force

The thermal force is much smaller than the drag force anddande ignored:

300K -1023J/K
10um

~3x10783/m. (9.5)

Magnetic force

The magnetic moment for a super paramagnetic partigte Is of the order 102 An?. The

magnetic force for itis:

Fm = mAB; (9.6)

To overcome the drag force,Dx 10123 /m, the magnetic field gradiem\B,, needs to be

on the order of 0.1 T/m= 100 Gauss/cm.
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9.1.3 Larger particles

Increasing the magnetic moment increases the magnetie, ftras the drag force becomes
more readily overcome. Increasing the magnetic mommant, §m3M, can be accomplished
by increasing the particle size as it is proportional to taetiple’s volume, byr3. Size en-
largement is effective because the drag force on a partidie increases linearly, by. So

increasing the radius by 10 scales the magnetic force by

Fmag S 1000:mag (97)

while only scaling the drag by
I:drag - 10Fdrag- (9.8)

9.1.4 Acceleration

Acceleration from Newtonian physicsas= dv/dt with v = dx/dt andx being position. The

change in position due to acceleration is:

X(t) = xo+%at2. (9.9)

The time to displace a magnetic particle starting from resfd fromxg = 0 t0 Xfjnal = X,

under the magnetic force is:

t =/ 2x/a= \/2XMp/Fmag (9.10)
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The range of force which typical gradients from MRI can mdk&to 100 gauss/cm=.01 to

.1 T/m, are between

Fmag= 10" *2An? x 0.1T /m= 103N (9.11)

and

Fnag= 10"*2An? x 0.01T /m= 10" 1*N. (9.12)

For a travel distance of= 1 mm, for the higher gradient is

2
t=/ me = / frac2. (4.6 x 10-1%g) (0.001m)10-13kg ny/s? = 0.35 (9.13)
mag

and the lower

t=,/ imx = |/ frac2. (4.6 x 10-1%g) (0.001Imm)10-M%gm/ = 0.96s  (9.14)
mag

9.1.5 Procedure

Two different nanoparticles were studied, Co and f:e@nages were taken on a 400MHz
INOVA system in a 10mm imaging probe. Images were taken optbéons in water around
the nanoparticles. [68] These nanoparticles have a magneiceptibly and caused the water’s

T, to be short, causing in turn an extremely low signal in thgiae. Since the water is being
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Figure 9.1:a) The container(made from delrin) to place nanoparticleshe sweet spot for
imaging. The nanoparticles were placed in a water solutidrerg they could move freely.
Gravitational forces were an obvious factor as the parsoleould move to the bottom of the
container. b) Though machined as smoothly as possible,dtterh of the container possible
had very small grooves which the nanoparticles would fqgllewdent from circular motion,
and eventually get stuck in. In order to minimize this efeestmooth piece of plastic can be
placed at the bottom and also could be coated with oil befotéing the nanoparticles in.
imaged and not the particle itself, the size of the particlesnot be determined directly from

the image.

To help keep the patrticle in the sweet spot of the magnet aapmntainer was made
whose height could be adjusted using a screw at the bottomegiudar NMR tube as shown in
figure 9.1. The cobalt particles, ginto 10 um, could be seen with the naked eye to ensure
that only a few particle were in the sample. The ggaarticles, 1(um, needed to be checked
under a microscope to check their abundance in a sampleo themy particles were in the
sample, the image washes out and individual particles arsesm. After loading a sample the

particles were allowed to settle to the bottom of the comtiain

MRI gradients have limits as to how long they can be turned @h avcertain amount of
power. One draw back from this is that a constant gradienidaoot be applied. Instead the
gradients were repeatedly turned on and off as shown in fi@greThe gradients would be on
for a few milliseconds and then off for a few milliseconds.iSWwould be repeated anywhere

between 500 and 3000 times. Different combinations of graidiwere used in attempts to get
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Figure 9.2:The gradient could only be used for a certain amount of tima eg¢rtain power
with out sustaining damage. To prevent damage the gradiastrnet constantly on. Several
schemes were used in attempt to move the magnetic parfillesgradients would be rapidly
shut on and off a large number of times, n. a) An x gradient dibel applied followed by a 'y
with a short down time. This pulse sequence minimized treeitinvhich there was no gradient
on. b) A x and y gradient were applied at the same time. Thise favlargest gradient strength
in steering a magnetic particle. c) An additional z gradierats applied to try and counter act
any friction experienced from the container.

the most movement.

9.1.6 Data

Figure 9.3 shows before and after images from pulsing on Cucfes 2000 times. The
particles moved slightly. After a second or third push frdra gradients though the particles
would stop moving. This could be due to the particles gettilngk in a groove in the container.

(See figure 9.1.)

Some calculations were made for the Co particles beforérggaiThe bulk magnetic mo-
ment for cobalt is 1.7 Bohr magneton, where a Bohr magnetapg is9.274x 10241/T. The
magnetic moment for a nanoparticle is calculated wite: 1.7 x 471 x pNappr3/ (3M). The
magnetic force, thermal force, viscous drag force, anditat@onal force according to particle
size are graphed in figure 9.4. From this initial calculatitve drag force was assumed to be

the dominating factor in keeping the nanoparticles from imgyv
Obtaining minute movements from the gradients where ateibto two things. First, the
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Figure 9.3:Magnetic nanoparticles, Co, shown here, can be detecteddbgrwgignal since
they kill the surrounding signal. a) The nanoparticles befpulsing gradients on them. b)
After 2000 repetition of the scheme shown in figure 9.2 b) #raégbes have moved to a small
extent. This can be seen clearly from the two circled pasicln the before image both lie left
of their hot pink line and after both are right of it.
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Figure 9.4:a)The forces experienced on a magnetic nanoparticle, Ca,ceftain size from a
gradient of 0.1T/m. The velocity is assumed to bgrils for calculations in which velocity
matters. The larger the particle, the stronger magnetic mnit will have and the more it
can be influenced by the applied gradient. The drag forceesausost of the resistance to the
movement of a particle. If forces other than drag are disrdgd, then the particle over 500nm
for Co should be movable. However, when all the forces areddade particle size needs to be
at least 800nm to be efficiently effected. b) Since the gnadannot be turned on permanently
at high fields the gradient pulses were rapidly turned on affd m blue, possible particle
velocity profiles are shown. In light blue, the particle gagsome velocity, but, then between
pulses it stops from the drag force. During this time the jgdgtmoves slightly sometimes
shown in pink. A second possibility, shown in dark blue, & thefore the particle stops
completely, the next gradient pulse comes. In this case #xénmum gradient speeds achieved
continually increase and the particle moves further andkfer with each pulse, shown in hot
pink.

pulse | ¢
pulse |
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other forces than anticipated, specifically gravitatiphald some influence on the system. As
figure 9.4 a) shows a larger particle with a larger magnetioentt is needed to over come
the resistance factor than was first thought. The partictaated themselves on the bottom
of the container because of the gravitational force, thesigd friction between them and the
container. The kinetic coefficient of friction for delrin @25, however the static coefficient
is not known. [69] It is possible that the particle could neeome static friction. A second
obstacle could be the surface of the container. Figure 8Hdoys how the small nanoparticles
could be caught in a groove of the container. Once it reachrdrger in the container, it stops
moving. Attempts to suspend the particles in the water wesidarby having a very dilute

solution of algerose; however, this increased the drageftie much to have movement.

There is a possibility that the movement observed was natezhby the gradient coil’s
magnetic field but by mechanical vibrations. There was nbdese to determine if this was
the cause of movement. The particle movement would stikheeen hindered from the surface

of the container.

9.1.7 Steering Conclusions

The gradients used in MRI can be used to push magnetic gastghtly. The major hindrance
to this is the strength of the gradients and the limitatiomsige of the gradient at high power.
These difficulties are caused by the opposing forces makgrétbent strength range to small

for effective movement.
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9.2 High pressure rotor design

9.2.1 Motivation

The study of chemical reactions in high pressure systemstis interesting and versatile.
NMR when used as a tool in chemical dynamics and structuréd give new insights into
high pressure systems. Some samples whether liquid orrealad better under high pressure
Anisotropies are not restricted to just solid samples, hytaiented system. One such system
involves the catalytic addition of hydrogen in PASADENAD[771] This system is studied
under higher than atmospheric pressures, though it is jiest atmospheres of pressure, and
has both solids and liquids in it. Systems have been made iohvthis system could be
studied, but they are quite elabrate and potentially vesylgd72] The high cost and technical
difficulty involved have acted as a hinderance to developisgstem that would allow studies
of the above mentioned system. Here a possible economidajwaok solution to doing higher

than atmospheric pressure solid state NMR methodolog\esemted.

9.3 Regular rotors

A rotor is used for spinning samples. There are three padgtor, the shaft, the tip, and the
plugs. (See Figure 9.3) The rotor is spun with two sourcesrpftee bearing, which pushes
it up, and the drive, which turns it around. It is essentiattthe rotor be made with great

precision. If the rotor is off balance than it will crash iritee stator’s wall.

The shaft is the main body of the rotor which encases the samfhis piece needs to
carefully fit into the opening in the stator. If there is too churoom it will sit on to the
bottom of the stator which keeps it from spinning. If it is tght the air will not be able to

move around it. Flowing air catches flutes on the tip caudiegrotor to spin. The flutes are
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Figure 9.5: a) Parts of a regular rotor. b) Parts of the higher that atmbspic pressure rotor.

carefully angled to produce maximum speed. Spacers aregasedrectly confine the volume
of the sample to the homogeneous region of the coil. If thepdaprotrudes out of the coil it

is unevenly excited as in figure 4.2 c).

Both solids and liquids can be packed as samples into a tb@techinnique varies for
each but they both start out the same. First a spacer musabedpin the bottom of the shaft,
its size will be determined by the probe that is being useanTdtip must be placed into the
shaft. If the tip is to loose then the shaft could slip and eauseven spinning which would
crash the rotor. Once the tip is in place then the sample neuptédpared to be placed in the

rotor.

The solid first needs to be ground into a fine powder with a rhartd pestle allowing the
greatest amount of the sample to be packed in, while in poteder the sample can then be
compressed into the holder. A funneled holder may help wlaakipg a solid sample into
smaller rotors. Once the sample is in the shaft the top insénen placed . It is important to

the stability of the rotor that the tip and the top insert aféyfinserted. For liquid containing
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samples special o-ring inserts are used to prevent thallfguin leaking out.

9.3.1 The design

Some experiments would require a rotor which can withstaglagn pressures. Making one is
not simple, however, some groups have done this. [72] Theréna ways in which pressure
escapes from a the standard rotor, both from the tip and fhiesert. To prevent leaks from the
tip the tip and shaft could be made into one piece, excepthieip is removable for several
reasons; it is easier to remove the sample if the body can d&®ealfrom both sides. The body
of the probe is made from a very hard ceramic material whichldvbe hard to machine. A
ceramic tip would chip easily and be rendered useless. i€3aste a possible solution to this
but, if the shaft were made out of plastic then two things magpen. First, materials made
out of plastics are difficult to machine resulting in possilticonsistencies and a taper, which
would mean mean that the fit in the stator would not be equiglht &all the way around. The
other problem is that plastics are not as smooth as cerasod$ the rotor hits the sides, it

would have more friction and crash more easily.

An alternative to a single piece shatft is a tight fitting inslat could have a closed bottom.
There would be less signal, as there is less volume, but thie e@uld be machined thinly.
A larger rotor like a 7.5mm could be used as in Figure 9.3. bheoito run high pressure
experiments a special cap would need to be designed to hitid pressure at the top. However,
for only a couple of atmospheres a septum could be used o m®ssure. To accommodate
this piece the rotor insert would be longer than the shathabthe septum could fit on top of

the whole apparatus which can be seen in Figure 9.3.
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9.3.2 High pressure rotor conclusion

Possibilities of a more economical way to gain higher thanaspheric pressures in a rotor
are under way. The system described above is still to be madiéeated for its effectiveness
but may be useful in taking spectra for the high pressurdysttased in the PASADENA
project. [73]
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