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ABSTRACT

Nuclear magnetic resonance (NMR) is an important phenomenon involving nuclear
magnetic moments in magnetic field, which can provide much information about a wide
range of materials, including their chemical composition, chemical environments and
nuclear spin interactions. The NMR spectrometer has been extensively developed and used
in many areas of research. In this thesis, studies in two different areas using NMR are
presented. First, a new kind of nanoparticle, Gd(DTPA) intercalated layered double
hydroxide (LDH), has been successfully synthesized in the laboratory of Prof. Dey in
SEMTE at ASU. In Chapter 11, the NMR relaxation studies of two types of LDH (Mg, Al-
LDH and Zn, Al-LDH) are presented and the results show that when they are intercalated
with Gd(DTPA) they have a higher relaxivity than current commercial magnetic resonance
imaging (MRI) contrast agents, such as DTPA in water solution. So this material may be
useful as an MRI contrast agent. Several conditions were examined, such as nanoparticle
size, pH and intercalation percentage, to determine the optimal relaxivity of this
nanoparticle. Further NMR studies and simulations were conducted to provide an
explanation for the high relaxivity. Second, fly ash is a kind of cementitious material, which
has been of great interest because, when activated by an alkaline solution, it exhibits the
capability for replacing ordinary Portland cement as a concrete binder. However, the
reaction of activated fly ash is not fully understood. In chapter 111, pore structure and NMR
studies of activated fly ash using different activators, including NaOH and KOH (4M and
8M) and Na/K silicate, are presented. The pore structure, degree of order and proportion
of different components in the reaction product were obtained, which reveal much about

the reaction and makeup of the final product.



DEDICATION

To my parents and wife



ACKNOWLEDGMENTS
I would like to first thank my supervisors, Dr. Robert F. Marzke for his guidance and
patience during my Ph.D. study at ASU. The research in this thesis could not be done

without his invaluable knowledge and encouragement.

I would like also to thank the assistance from all the faculty members who have served as
my committee: Dr. Sandwip K. Dey, Dr. Neithalath Narayanan, Dr. Ralph V. Chamberlin

and Dr. Martha R. McCartney.

Thanks to Naoki Ito and Mohammed Abdullah who taught me about NMR and the
spectrometer the first day I joined this group. | have been lucky to cooperate with several
outstanding graduate students: Xiaodi Sun, Aishwarya Ramachandran, Kirk Vance and

Akash Dakhane, who made significant contributions to studies related to this thesis.

Finally, I would like to thank all the staff working for Physics Department, who have

always been supportive, and who make the experience of study great at the Physics

Department of ASU.



TABLE OF CONTENTS

Page

LIST OF TABLES ...ttt sttt te e vii

LIST OF FIGURES ...ttt st sttt ne e viii
CHAPTER

1 INTRODUCTION ..ottt ettt st e et e e e saeeaesneenaesneennens 1

1.1 Nuclear Magnetic Resonance (NMR) ........ccoovirririennieneneneneeseenes 1

1.1.1 Classic Description 0f NMR..........cooiiiiinineecseecseeees 1

1.1.2 BIOCH EQUALION......c.cvieiiiieieiieieee e 4

1.1.3 Quantum Decription 0f NMR........ccciiiiiiiiieeeceeee 5

1.1.4 Free Induction Decay (FID) ......cccccouirrinireinneensieessecseseeeeeas 7

1.1.5 Chemical SNift.........cccovviieiieisee s 8

1.2 REIAXALION. ....eieeiieee et 8

1.2.1 Longitudinal Relaxation TimMe.........cccocoeirrinnnienneesseeeseseeeias 9

1.2.2 Transverse Relaxation TIMe ... 10

1.2.3 Relaxation MechaniSm ............cccoiriiiciinncceeseese e 13

1.3 S0lid State NIMR ..o 17

1.3.1 Magic Angle Spinning (MAS) ..o 17

1.3.2 Cross-Polarization MAS (CPMAS) ..o 19

1.4 INSTIUMEBNTS ...ttt e 22

LA L IMAGNEL.....ciiiiee e 22

LA2 NMR PIODE ...ttt 25

14,3 CONSOIB....eeeeeieeieeee ettt nre e 27



CHAPTER PAGE

RETEIENCES ... 29
2 NMR STUDY OF MRI CONTRAST AGENT ..ot 32
2.1 INEFOAUCTION ... 32
2.1.1 Magnetic Resonance Imaging (MRI) ........cccoveinncinncinncnes 32
2.1.2 MRI CONtrast AQENT.........cooeimirieirieinesieesese s 34
2.1.3 Contrast Agent Relaxation Mechanism ..........cccoceveivveiniencieninne 36
2.1.4 Layered Double Hydroxide (LDH) ........ccccoooiriinneinneieeenes 41
2.2 Experimental SECHION ..o 43
2.2.1 Gd(DTPA) Interecalated LDH (Gd(DTPA)/LDH) ......cccccvvinenee 43
2.2.2 NMR Study of GADTPAY/LDH........eceeveeeeeeeeeeeeeeeceseeeee s 45
2.3 ReSUlts and DISCUSSION .......cccrveueirieiiirieiiisieeesie e 45
2.3.1 Relaxivity MeaSUreMENT.........ccveeririeirrieiesieesesie e 45
2.3.2 Mechanism of Relaxivity Enhancement ...........ccccoceovneiinnciinnnns 53
2.4 CONCIUSION......uiiieiiieiee et 55
RETEIENCES ... 57
3 NMR STUDY OF CEMENTITIOUS MATERIALS ... 62
3.1 INErOAUCTION ... 62
3.1.1 Cementitious MaterialS ..........cccveirrieininiciieeeee e 62
3.1.2 Alkali-activated FIy ASh........ccociiiieeees 63
3.1.3 NMR Study 0Of ZEOITES.......coeuiirieiiirieiirieere e 65
3.2 Experimental SECHION .........cccveiiieiriricesiee e 69
3.2.1 Sample Preparation ... 69



CHAPTER PAGE
3.2.2 Compressive SreNgth ..o 71

3.2.3 POIe SHIUCTUIE......eoeiiiieciei s 71

3.2.4 NMR SPECIIOSCOPY ...c.veveviieiirrieeienieisie et 71

3.3 ResuUlts and DISCUSSION ........ccoueuiirieeiirieiiisieiesisie e 72

3.3.1 Compressive SreNgth ..o 72

3.3.2 POIE SHIUCTUIE......ooiiiiieeiees s 74

3.3.3 29Si MAS NIMR SPECIA ..ot 77

3.3.4 TH MAS NMR SPECA ...t 82

3.3.5 /Al MAS NMR SPECHA.......evurerereeerieieieieie e 83

3.4 CONCIUSION......oiiiiiiieiete e 85

RETEIENCES ... 86

4  SUMMARY&FUTURE WORK .....ocoiiiiies e 91
REFERENGCES ...t e 93

Vi



Table

LIST OF TABLES

Page
TaDIE 2.1 e 46
TaDIE 2.2 . 48
TaDIE 3.1 e 69
TaDIE 3.2 e 70
TaDIE 3.3 e 80

vii



Figure

LIST OF FIGURES

Page
FIQUIE 1.1 ottt 7
FIQUIE 1.2 ettt 10
FIQUIE 1.3 bttt 11
FIQUIE 1.4 bbb 12
FIQUIE 1.5 ettt 13
FIQUIE 1.6 ettt 16
FIQUIE 1.7 ettt 18
FIQUIE 1.8 ettt 18
FIQUIE 1.9 et 19
FIQUIE 1.0 ot 21
FIQUIE 111 ottt 23
FIQUIE 112 oottt 24
FIQUIE 113 et 25
FIQUIE 114 oottt 26
FIQUIE 115 et 26
FIQUIE 116 ..ottt 28
FIQUIE 2.1 bbbttt 33
FIQUIE 2.2 ettt 35
FIQUIE 2.3 bbbttt 42
FIQUIB 2.4 bbbttt 43
FIQUIE 2.5 bbbttt 44



FIQUIB 2.6 ettt 44

FIQUIE 2.7 bbbttt 46
FIQUIE 2.8 ettt 47
FIQUIE 2.9 et 48
FIQUIE 2.0 o 49
FIQUIE 2,11 ot 50
FIQUIE 2.12 oottt 51
FIQUIE 2.13 ettt 52
FIQUIE 3.1 bbbttt 66
FIQUIE 3.2 bbb 66
FIUIE 3.3 bbb 73
FIQUIE 3.4 bbb 75
FIQUIE 3.5 e 76
FIQUIE 3.6 e 77
FIQUIE 3.7 bbbt 79
FIQUIE 3.8 bbb 81
FIQUIE 3.9 bbb 82
FIQUIE 3.0 ot 84



CHAPTER 1

INTRODUCTION

1.1 Nuclear Magnetic Resonance (NMR)

Nuclear Magnetic Resonance (NMR) was first observed in molecular beams by Isidor
Rabi(1938) in 1938. In 1946, Purcell’s group and Bloch’s group separately observed NMR
insolid(PURCELL, TORREY, and POUND 1946) and liquid samples(BLOCH, HANSEN,
and PACKARD; BLOCH 1946). In 1952, Bloch and Purcell were awarded the Nobel Prize
in physics for the work on NMR. In a very short time, NMR became an important technique
in many fields such as chemistry, biology and so on. Two Nobel Prizes in Chemistry were
separately awarded to Richard Ernst in 1991 for his contributions to the further
development of NMR spectroscopy, and to Kurt Withrich in 2002 for his application of
NMR to biological research. The important visualization technique magnetic resonance
imaging (MRI) was also developed based on NMR, around 1971. Paul C. Lauterbur(1973,
1974)and Peter Mansfield(1977; Mansfield and Pykett 1978) were awarded the Nobel Prize
in Physiology or Medicine in 2003 for their contribution to MRI.

1.1.1 Classic Description of NMR

We consider a single nucleus in an ambient magnetic field(Abragam 1961; Goldman 1990;
Slichter 1989; Stejskal and Memory 1994):

Ho = Hok. (1.2)



Assume the magnetic moment of nucleus is given by(Pake 1950, 1950)

u=y 1.2)
yis constant; 7is the nuclear spin (intrinsic angular momentum).
If the moment is not aligned with the ambient field Ho, the nucleus would experience a
torque

7= u % Ho. (1.3)

The torque exerted by Ho on 7is equal to the time derivative of the angular momentum:

z':g—t[ (1.4)
So we have
g—{ = % Ho (1.5)
Therefore
%‘i—l =yu % Ho. (1.6)
The solution of this equation is
Lx(t) = ax(0)cosart + 14(0)sinawt .7
1y(t) = y(0)cosat — ux(0)sinwt (1.8)
1(t) = constant (1.9)

The equation of motion represents nuclear moment precession around the ambient

magnetic field with frequency

wo = —yHo. (1.10)



This frequency is called the Larmor frequency and denoted as wo. The ratio of moment to
momentum yis called gyromagnetic ratio. The rotating magnetic moment in the x-y plane
is observable and produces the nuclear magnetic resonance (NMR) signal.
The thermal equilibrium state of the magnetic moment in the magnetic field is aligned with
the ambient field by basic statistical mechanics. To observe NMR, we need apply a small
magnetic field oscillating along x axis
Hi = 2Hai-cosat (1.11)
This oscillating magnetic field can be considered as two counter-rotating components with
opposite frequency.
Hi = Hy(i-cosat + jesinawt) + Hy(i<cosat — jssinmt) (1.11)
Choose the rotating frame with frequency av:
(%%)rot:(%%)lab'F,Ux @ =ypx (Ho+ Hi)rot + g% @ (1.12)
Since v =—yHo. We have
(%‘i—l Yrot = yu X(Ho)rot — X @0 + % @o =y X(H)rot (1.13)
The rotation matrix is

cosw,t —sinot 0

R=<sino,t cosm,t O (1.14)
0 0 1
The applied field H1 become
(H1)rot = R(H1)1ab = 2H1(i-cOS awxt=COS it + jSiN cwt-COS cwt) (1.15)



This is the effective field exerted on magnetic moment in the rotating frame.
If we choose an applied r.f. pulse with the Larmor frequency wo, we will have

(H1)rot = Hii + Hi(i«cos2 at + jesin2 at) (1.16)
The first term is constant in the rotating frame and has the effect of rotating the magnetic
moment around the x axis with frequency

@ =—)H1 (1.17)

The second term rotates around z axis with frequency 2w and its general effect on magnetic
moment can be shown to be very small.
The flip angle depends on how long the field Hy is applied. The commonly used flip angles
are 90° and 180°. The applied field is called radio frequency field (r.f field)
1.1.2 Bloch Equation
If there is energy exchange between the nuclei and the environment, such as a lattice or
detection coil, the nuclei tend to move toward a thermal equilibrium state, in which the
magnetic moments align with the ambient magnetic field. Felix Bloch assumed the motion
of nuclear toward equilibrium was exponential, with two time constants: Ty for the
longitudinal component and T for the transverse components; he then obtained the Bloch
equations(BLOCH 1946):

W= - G K - G+ 0] (119

In the rotating frame with frequency -yHo, the Bloch equations become:



it =T (e ) (119
d 1
_él_txy = _T_z Hxy (1.20)

1.1.3 Quantum Description of NMR
Assume a nucleus with spin %2 in an ambient magnetic field

H = Hok. (1.21)
The nuclear spin Hamiltonian is

H=—u*H=-y:Ho (1.22)

The two split energy levels are E.1o= 1/2/yHo(spin down) and Ei= —1/2%Ho(spin up).
When the state of the nuclear spin changes between two energy levels, there is emission or
absorption of radiation with energy of magnitude

AE = iHo. (1.23)
From eq. 1.10 the angular frequency is

@ =—yHo. (1.24)
The negative sign in frequency means that only radiation of the proper circular polarization
can be absorbed or emitted.
For an assembly of a large number (n) of identical spins, the energy distribution of states
follows the Boltzmann distribution.

P, ocexp(-=E, /kgT) (1.25)



Pn is the possibility of finding a spin in energy level En; k is Boltzmann constant; T is
theabsolute temperature.
So the total amounts of spins up and spins down are separately:

N, oce (1.26)

(1.27)

Wherex:lhmo ;
2 kT
With the condition N, + N_ = n, we will have:

X

ne
N, = 1.28
e (L.28)
In the high temperature limit (x <<1), which is always valid in NMR.
N, ~ LX) (1.29)
2
N =~ ”(12‘ X) (1.30)

In the two state system mentioned above, the magnetization M is equal to difference of
total spin up moment and spin down moment.

1 1 ny*h*H
M :EW(N+—N_)=Z% (1.31)

This is Curie’s law with the spin 1/2 spin system at temperature T. In general with nuclear

spin | we have:

v - L+ DH,
3k, T

(1.33)



In a quantum statistical ensemble, the average value of an operator is determined by the
density matrix(Farrar 1990, 1990, Bloch 1956, Refield 1957). The same result can be
obtained with a classical description i.e. the magnetization will precess around ambient
field with frequency —Ho.

1.1.4 Free Induction Decay (FID)

After applying an r.f. pulse, there is a component of magnetization M in x-y plane
precessing around the ambient field. This Larmor precession will lead to an induced emf
in a detection coil (in the x-y plane). The spin polarization will dissipate because of both
spin-spin relaxation and inhomogeneity of the magnetic field. The decreasing signal is
called free induction decay (FID) (Figure 1.1 (a)). The NMR spectrum is the Fourier
transform of the FID (Figure 1.1 (b)), and it can provide information about nuclei, such as

their Larmor precession frequency and relative numbers of nuclear spins in a sample.

L L T — T L B e e A B RO B S e S B B B B T
10 20 30 40 50 60 40 20 0 -20 -40
secs ppm

Figure 1.1 (a) On-resonance free Induction Decay (FID) (b) NMR spectrum
(Fourier Transform of FID)



1.1.5 Chemical Shift

The actual magnetic field sensed by the nucleus is always different from the applied field
because of the magnetic field induced by electrons in the atom (both orbital motion and
spin). So the chemical bonding of atom can be identified based on the resonance frequency,
because the chemical bonding will affect the electrons’ distribution, therefore causing a
different change in resonance frequency. For each non-equivalent chemical environment
that the nucleus is in, for example, in a given position in the molecule CH3OH is an example.
Three protons in the methyl CHz group are equivalent, but the OH proton is not. So CH3zOH
gives a two-line spectrum, the CHs proton line being three times as intense as the OH line,
at positions differing in NMR frequency. The concept of chemical shift is introduced to
define the difference between resonance frequency of a nucleus and the frequency of a

standard.

" x10° (1.33)

For protons this standard is the highly stable molecule TMS (tetramethylsilane).

The chemical shift () is usually expressed in part per million (ppm). An advantage of
chemical shift compared with frequency is that chemical shift is the independent of the
ambient field.

1.2 Relaxation



The process of nuclear magnetization returning to thermal equilibrium is known as
relaxation. The characteristic time of this process is the relaxation time(Bloch 1946,
Abragam 1961).

Two types of relaxation times, as mentioned previously, longitudinal relaxation times T1
and transverse relaxation times T, are both important properties of nuclei because they
involve the interaction between nuclear spins and the energy exchange between nuclear
spins and lattice. A large magnetic field inhomogeneity leas to a fast decay of the FID, but
this can be partly avoided by the use of spin echoes. Unavoidable transverse relaxation will
still remain, however, owing to spin-spin interactions. All pulse sequences must take
account of these fundamental relaxation processes of nuclear spins, as we discuss now.
1.2.1 Longitudinal Relaxation Time

The longitudinal relaxation time (T1) represents the recovery rate of the magnetization
along the z axis. This type of relaxation is attributed to the energy exchange between
nuclear spins and lattice, so longitudinal relaxation time is also called spin-lattice relaxation
time. The method of inversion recovery (IR) is used to measure longitudinal relaxation
time. The IR sequence is usually composed of a 180° pulse followed by a 90° pulse, with
a variable time interval t between the two pulses (Figure 1.2 (a)). First, the 180° inverts the
magnetization. During the subsequent time interval the magnetization experiences

longitudinal relaxation recovering towards its value prior to the 180° pulse, but in this



180 90 M- -

(a) (b)

Figure 1.2 (a) Pulse Sequence of Inversion Recovery; (b) the evolution of
magnetization with variable time interval t.

recovery no signal can be detected because there is no magnetization component in the x-
y plane. The 90° pulse then rotates magnetization into the x-y plane, which produces an
NMR signal. The intensity of signal depends on the time interval between 180° pulse and
90° pulse (Figure 1.2 (b)), according to the equation

M(z) =M, [1-2exp(—z/T,)] (1.34)
1.2.2 Transverse Relaxation Time
The transverse relaxation time (T2) in the plane transverse to the large static field Ho
represents the decay rate of the magnetization component in this plane, which gives rise to
the observed NMR signal induced. The signal always decays with time, hence its name as
free induction decay (FID). The decay time of the FID represented as T>" can be attributed
in part to magnetic field inhomogeneity. Because of this inhomogeneity of field, the

resonance frequencies of nuclei differ with position in a sample, which means that each

10



spin will precess with a slightly different frequency from @, =}/HO. In this case, spins
fanning out following a strong (non-selective) 90° pulse, eventually lead to zero
magnetization in x-y plane. But transverse spins could still be far away from full relaxation.
The transverse relaxation, without the field inhomogeneity effect, is attributed to spin-spin
interactions, so this relaxation time is also called the spin-spin relaxation time. To get rid
of the inhomogeneity effect, spin echo method is used and it can also measure the
homogeneous field transverse relaxation time (T2)(Hahn 1950).

The spin echo sequence is composed of a 90° pulse and a 180° pulse, the time interval t
between 90° pulse and 180° pulse determining how long to wait after the 180° pulse for the
spins to rephase, when the NMR signal can be observed(Figure 1.3(a)). The operation of
the spin echo sequence is as follows. First, the 90° pulse rotates the magnetization into the
x-y plane (Figure 1.4). Because of inhomogeneity of the field, spins with different

precession speeds will fan out. This is called dephasing. Applying a 180° pulse after a time

90" 180°

M(t)

! | ” || U . 0

(a) (b)

Figure 1.3 (a) Pulse sequence of spin echo; (b) the evolution of magnetization
of spin echo
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interval t causes all the spins to suddenly reverse phase, so the fast spins are then behind
the slow spins. After the same time interval t, the fast spins catch up with the slow spins
and a spin “echo” can be detected. The intensity of the spin echo is clearly related to time
interval between two pulses (Figure 1.3 (b)) according to the equation:

M(z) =M, exp(-27/T,) (1.35)
Where Mo is equilibrium initial magnetization along the large static magnetic field Ho.
By varying the 90°-180° delay time t and observing the intensity of the spin echo signal,
the spin-spin relaxation time T> can be measured.
The longitudinal relaxation time directly controls how long a 90° rotated initial

magnetization M will take to return to it thermal equilibrium value along the field Ho in

dephasing

90" pulse T

—_—

J' 1 807 pulse
R e

N/

T

e
rephased echo

Figure 1.4 Building-up of a spin echo

12



each NMR measurement. Multiple signal accumulation is used in NMR to get a high signal
noise ratio(S/N). The time between each accumulations is called the pulse delay, which
depends on the longitudinal relaxation time. The optimal pulse delay for full recovery has
been shown to be five times the longitudinal relaxation time. This condition must be met
for correct measurements of relaxation time in NMR.

1.2.3 Relaxation Mechanisms

The static ambient field only leads to precession of magnetization, but the fluctuations of

field which nuclei experience during and after a pulse sequence affect the relaxation of the

T 44 b4
H"":" @

bt f

B
H, ' (c) J"

Figure 1.5 dipolar relaxation caused by (a) molecule motion; (b) molecule
rotation; (c) dipole flip.
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magnetization. There are several spin-spins interactions that give rise to fluctuating
magnetic fields which relax spins, such as dipolar interactions and scalar interactions.
Taking dipolar interaction as an example, the local field of a nuclear spin can be influenced
by a neighboring dipole. Three situations induce fluctuations of local fields in dipolar
interactions. First, the fluctuation of field can arise from molecular translation motion
(Figure 1.5 (a)). The rapid changes of distance between dipoles will affect the local
magnetic field exerted by another magnetic dipole. This relaxation depends on translation
diffusion or chemical exchange. Second, with the molecule rotation, the relative orientation
of two dipoles would change (Figure 1.5 (b)), which also causes fluctuation of the lotal
magnetic field. Third, if the spin state of one dipole changes (flips) independently of the
one under observation, the induced field on the observed dipole also changes (Figure 1.5
(c)). The spin tends to stay at its lowest energy level (aligned in the ambient field), but it is
still possible for spin to transition to another state. When the transition happens, the local
field would change. This type of relaxation is also known as Curie relaxation. It is
important when one of the dipoles is electronic because the rate of spin flips is much higher
for the electron than for the nucleus.

To calculate a relaxation time, these microscopic motions must be described, so correlation

functions and spectral densities were introduced. Consider a free 1/2 spin system of n spins.

14



The state of a spin can be characterized by the index m(1/2 or -1/2), which is a stochastic

variable. The definition of a correlation function is
1
G(r)= HZ[mi (0)m, ()] (1.36)
i

Here the M, (t) represent the state of ith particle at time t.
Apparently, correlation function has a maximum at t=0 and then decreases with time.

Assuming it is an exponential decay, the correlation function becomes
1 T
G(r) =—exp(——) (1.37)
4 7,

The characteristic time is correlation time tc. So the correlation time characterizes how fast
the state of system changes.
Now if the fluctuating local field is Ha(t), its correlation function can be written as:

G(r) = H,(OH, (t+7) = Hze " (1.38)
The bar above means average; H_f IS mean square value of fluctuating field.

The spectral density if the Fourier transform of correlation function(Abragam 1961, TC

1987)
J(@) = [G(r)e ™ de (1.39)
—oH2_To__ 1.40
Y14 a)zrg ( )
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From the Bloch-Wangsness-Redfield Theory(Bloch 1956; Wangsness and Bloch 1953;

Redfield 1957), we have

1 — T

— =2Hy? 0 1.41
T e (141)
1 — T

— =H*»’(r, +—2% 1.42
T2 17/ ( 0 1+0)§T§) ( )

These results are obtained with the assumption that fluctuation of the field is isotropic. This
assumption is always valid in a liquid, but orientation might need to be considered in a
solid.

From these results we can see that T1 and T2 are close with a small to (Figure 1.6), which
is the case in a liquid. T1 has a minimum when woto=1. With a long 1o, T1 increases with

to While T decreases, which is common in solids.

i In(T1)
: WZ)
moto=1 In(z0)

Figure 1.6 Relaxation time variation trend with correlation
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1.3 Solid State NMR

NMR spectra provide information about chemical shifts and the relative intensities of
different species. Various interactions, as mentioned, will affect the local magnetic field,
leading to different resonance frequencies for same species of nuclei(Maciel 1984; Oldfield
and Kirkpatrick 1985). These interactions will broaden line width in the NMR spectrum,
leading to lower resolution. This won’t be a problem in a liquid, because the rapid and
isotropic motion of atoms will average out the broadening effects. So the line width of
liquid NMR is very small and is only limited by the spin-lattice relaxation time(Lyerla,
Mclintyre, and Torchia 1974) and the magnetic field inhomogeneity.

However, in solid samples, all these interaction will broaden line widths in a spectra and
make it hard to analyze the NMR result. Therefore some methods were used for solid state
NMR to get high resolution(Mackenzie and Smith 2002). The commonest method is magic
angle spinning (MAS)(Andrew 1971).

1.3.1 Magic Angle Spinning (MAS)

The MAS method consists of spinning the sample rapidly at an angle 54.74° to the axis of
the ambient field(Andrew 1981) (Figure 1.7). The MAS can reduce the broadening of line
that comes from dipole-dipole interaction, chemical shift anisotropy (CSA) and first order
observed in the NMR spectrum (Figure 1.8 asterisk marked line). The spinning sidebands

come from the time dependent term in those interactions listed above(Maricq and Waugh

17



1979). Peaks of the central resonance and each spinning sideband are separated in
frequency by the spin rate, but the central line will stay stationary when the spin rate
changes. So the central line can be distinguished from a sideband by varying the sample

spin rate

A

HO

DN

Sample spin

54.74°

Figure 1.7 Magic Angle Spinning (MAS)

Figure 1.8 MAS NMR spectrum with spin sideband (with asterisk mark);
spin rate 10kHz
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1.3.2 Cross-Polarization MAS

Although, MAS can decrease the broadening effect of internuclear dipole-dipole
interaction to a great extent, MAS solid state NMR still has a broader central line than the
extremely narrow ones observed in liquid NMR, because of inhomogeneities in isotropic
chemical shift in solids. Besides, some nuclei have low natural abundance, such as $3C and
29Si, and therefore it is hard to get a spectrum of these nuclei with good signal noise(S/N)
ratio. From the equation (1.41), we can also see longitudinal relaxation time is inversely
proportional to the gyromagnetic ratio (7) squared. Many nuclei, such as C, have a y
only one fourth of that the proton’s, and therefore have a long longitudinal relaxation time
in solid state, which in addition to low natural abundance makes it intensively time
consuming to improve S/N by multiple accumulation. So another technique is commonly
used in solid state NMR, which is cross polarization (CP)(Pines, Gibby, and Waugh 1973).
The requirements of CP are that there must be rapidly relaxing magnetization of an

90°

1H Channel Spin-lock

Contact time

[—>]

X Channel FID

CP

Figure 1.9 Pulse sequence of cross polarization (CP)
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abundant nuclear spin species, such as protons in an organic sample and that a coupling
usually dipolar, exists between the abundant species (*H) and the targeted element(X), 3C
for example. The pulse sequence of CP is shown as in Figure 1.9. In the *H channel, the
magnetization is first rotated into the x-y plane by a 90° pulse, then the spin is locked by a
change of the phase of the applied field(H1) field by +90° so H: is aligned with the
magnetization. In this case, the magnetization would not dephase and would only
experience decay with a “rotating frame” relaxation time Tip. Tip usually has
approximately the same magnitude as Tz, so the spin lock provides enough time to build
up polarization in *C nuclei. At the same time, with spin lock in the *H channel, another
radio frequency pulse is also applied in the X channel at the resonance frequency of *C
nuclei. The pulse in the X channel allows rapid thermal contact between *3C and *H for the
buildup of *3C polarization. The intensities of applied r.f. field in two channels must obey
the follow relation:

7uBu = rx By (1.43)
Where y,, and 5, are separately the gyromagnetic ratio of *H and *C; B,, and B, are
separately the radio frequency magnetic fields applied to them.
This condition is known as the Hartmann-Hahn condition(Hartmann and Hahn 1962).
When this condition is fulfilled, the spin energies of the two species of nuclear are the same,

and this makes possible the energy exchange between them. Initially the spins of *H are
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locked in the x-y plane and the spins of *3C are disordered. This means that the *H spins
have a low temperature and *3C spins have a high temperature. The spin temperature of
coupled H-13C system in the thermal contact is cooled down because of large number of
'H spins. As shown in Figure 1.10, the *C spin signal intensity increases with contact time

at first. This increase of intensity results from 3C spins being cooled down after contact,
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Figure 1.10 A schematic of relation between intensity of CPMAS and contact time.

i.e. polarized along H; in its rotating frame, and therefore magnetization of *C is observed
in the x-y plane. After the spins reach the maximum contact, spins of *H and X have the
same spin temperature, and then the intensity decreases with contact time and thereafter,
as the spins relax to the small r.f. Magnetic field in the rotating frame. This relaxation is
governed by the rotating frame relaxation time T1,, for the coupled *H-'3C. So using the
cross polarization, the magnetization of X in x-y plane can be built up no matter what the
original room temperature magnetization of *C is. That means that *C spins don’t need to

be fully relaxed, which will hugely shorten the measurement time. Besides, the polarization
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is only transferred if there is coupling (e.g. dipolar) between *H and X nuclei, so CPMAS
can also be used to tell if there is coupling between *H and X nuclei and also how strong
the coupling is.

1.4 Instruments

Most of the experiments in this thesis were conducted with a Varian CMX300 NMR
spectrometer. The spectrometer contains four parts: magnet, probe, console and computer.
1.4.1 Magnet

The magnet is made with a superconducting coil composed of a niobium alloy. The
superconducting coil must be kept at a temperature lower than 10K to maintain the
superconducting state. So liquid He is used to maintain the low temperature. To conserve
the liquid He as long as possible, the container of liquid He is surrounded by liquid No.
From Stefan-Boltzmann Law, the radiation power into liquid He is proportional to T*
where T is about 300K if there is no liquid N2 surrounding the liquid He. With liquid Nz,
the surrounding temperature will be lowered to about 75K, so the radiation power into
liquid He is decreased hugely. With this setup, 60L liquid He will last 4-6month. As shown
in Figure 1.11, the NMR probe is lifted up into the magnet from the bottom. The heating
gas flows in from the top via the tube inserted into the magnets room-temperature bore
(89mm diameter). There is a thermocouple is placed in the bottom of stack used to monitor

the temperature of sample. The Figure 1.12 is a photo of the magnet in our laboratory. The
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magnetic field is ~7 tesla. The NMR magnetic field strength is proportional to the proton

NMR frequency, and thus the spectrometer is called a 300MHz NMR spectrometer.

Stack

Thermocouple

Liquid N2
Liquid He —

Superconducting coil
NMR Probe

Figure 1.11 Sketch of magnet
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Figure 1.12 Photo of 7T magnet
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1.4.2 NMR Probe

The element for basic signal acquisition of an NMR probe is an LC circuit (Figure 1.13),
which is composed of two variable capacitors, one inductor and an r.f. coil. The r.f. coil
(Figure 15(right)) is used to apply radio frequency pulses. The coil alone would have a
huge impedance at high frequency, so we use an LC circuit tuned to the resonance
frequency of the observed nuclei and matched to the impedance of whole circuit. The
resonance frequency of the LC circuit can be adjusted using the total of the two variable
capacitors, while the impedance match is achieved by careful adjustment of their ratio. The
resonance frequency of the LC circuit must be adjusted to a value close to the NMR

frequency at the beginning of measurement, every time.

Tuning capacitor

rAfouIse: . /Hﬂ

Match capacitor j; Inductor ?, rf coil

Figure 1.13 LC circuit of NMR probe

Two commonly used probes are a diffusion probe equalized with gradient coil and MAS
probe. The former is mainly used for liquid samples and the latter for solid samples. The
diffusion probe has a gradient coil (Figure 1.14 (left)) that can apply substantial magnetic

field gradients, allowing diffusivity measurements. Two gradient coils (top and down) have
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Sample

4( chamber
v,“_ Gradient
coil

r.f. coil

Figure 1.14 r.f. coil (left) and gradient coil (right) of diffusion probe

opposite directions of current, when the magnetic field gradient is applied. So the magnetic
field due to coils in zero, but the gradient can be varied by control of the driving current.

An MAS probe has a stator (Figure 1.15), which is used for magic angle spinning of a

Bearing Air

Optical fiber

Driving Air
Rotor position

Stator

Variable capacitor Turbine

rotor : 54 740

Figure 1.15. Stator of MAS NMR probe
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sample in a tubular-shaped rotor. The main axis of stator is adjusted to an angle of 54.74°
with the ambient magnetic field. A solid sample is packed in the rotor and set inside of the
stator. Two air flows are applied: bearing and driving at pressure to 40psi. The former
flowsaround the rotor, therefore stabilizing the rotor and eliminating the friction between
rotor and stator; the latter flows in a specific direction and drive the rotor’s turbine,
producing the spin. The optical fibers and diode laser are used to monitor the spin rate, via
optical detection of the light reflected from alternating light and dark sections of the
illuminated rotor as it spin. The spin rate can reach as high as 12 kHz.

1.4.3 Console

The console is composed of several electronic modules (Figure 1.16). Part A is used to
apply gradient magnetic fields. Part B is used to generate radio frequencies. Part C is a
single board computer (SBC) that is controlled by the spectrometer’s Sun Blade work
station, and thereby controls all other electronic devices. Part D is the receiver, used to
receive induction signal of FID from preamplifier and deliver signals to the SBC. Part E is
the transmitter, used to produce low power r.f. pulses. Part F is a two stage high frequency
(H-power) amplifier, used to amplify r.f. power output at frequencies higher than 180MHz
(for proton and fluorine nuclei). Part G is a low frequency power amplifier, used to amplify
r.f. output at frequencies lower than 180MHz. Part H is the shim control, which is used to

shim the ambient magnetic field, making it homogeneous to +/-0.1ppm
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The computer is used to set all the parameters for NMR measurement and process the signal

to get the NMR spectrum.

Figure 1.16 Console of NMR spectrometer
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CHAPTER 2

NMR STUDY OF MRI CONTRAST AGENT

2.1 Introduction

2.1.1 Magnetic Resonance Imaging (MRI)

Magnetic resonance imaging (MRI) is a medical imaging technique based on acquisition
of nuclear magnetic resonance signals. It has been widely used, because it can visualize
internal structures of human body with high resolution and has almost no side effects. MRI
was developed in 1970’s(Damadian 1971; Lauterbur 1973; Hinshaw, Bottomley, and
Holland 1977) and put into broad medical use in 1980°s(Sijbers et al. 1996). At present, an
improvement of magnet strength from 1.5T to 3T is underway worldwide, to improve the
resolution of MRI.

Because of the high content of *H in the human body and the excellent sensitivity of *H for
magnetic resonance, MRI signals are acquired from H in body tissue . The basic idea is
that *H will have different chemical properties in different types of body tissue. The
differences are reflected in the NMR signals acquired in MRI, leading to contrast in the
images. The most commonly used NMR properties for contrast control are relaxation times,
especially the longitudinal relaxation time Ti(Morgan and Hendee 1984). The
corresponding type of MRI image is said to be Ti-weighted. There are also different kinds
of radio frequency and field gradient pulse sequences used in MRI. Here we use spin echo
as an example(Bydder et al. 1983). A spin echo sequence in MRI is similar to those used

in NMR, which also contain a 90° pulse after with 180° pulse. Besides that, MRI uses slice
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Figure 2.1 Pulse sequence of MRI

selection, phase encoding and frequency encoding to obtain 2D images. Slice selection
uses the application of a magnetic field gradient along the large magnetic field axis when
the 90° r.f. is active. The gradient makes the different slices along the z axis have different
nuclear magnetic resonance frequencies, so applying a narrow band r.f. pulse will only
affect the selected slices. Therefore the acquired signals used to build up image are only
from the selected slice. Phase encoding is the application of a magnetic field gradient with
certain time length in one direction of the x-y plane perpendicular to the main field axis
after a 90° pulse. After the pulse, the magnetization will dephase because of this gradient.
The phase of each spin at each position is different, and thus the phase labels, i.e. “encodes”
the spins in the gradient direction. Frequency encoding is achieved by applying a third
gradient when the signal is acquired. Applying all three gradients will cause a different

frequency and phase of signal to be associated with each position in a sample. Thus phase
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and frequency encoding “labels” the position in 2D to get 2D imaging.
The signal intensity in a typical spin echo sequence is(Liang and Lauterbur 2000):

M =M, (1—exp(~TR/T,))exp(~TE /T,) (2.1)
Here TR is the repetition time of the pulse sequence, i.e. the time between successive 90°
slice selecting pulses, TE is the time to the formation of spin echo’s peak amplitude after
which signal acquisition is initiated, and the np , depends on the proton density at a given
spatial position.
From this equation we can see the signal intensity depends on the relaxation time (for a T1-
weighted image, a short TE used to make the signal not sensitive to T). Thus H in different
tissues gives rise to different signal strengths, resulting contrast in MRI.
2.1.2 MRI Contrast Agent
Sometimes the proton relaxation times in different tissues are close, so the contrast in MRI
can be weak. In this case, a contrast agent (CA) can to be used to enhance image contrast.
A CA is a kind of material that can shorten relaxation times, and therefore improve the
visibility(Gore 1985). Besides that, shorter relaxation times can increase the speed of the
imaging process.
Form the equation above, we can see that shortening the T1 will increase the signal intensity,
while shortening the T> will decrease the signal intensity. Based on this feature of MRI,
contrast agents can be divided into two major species: positive and negative agents.
Usually a contrast agent cannot affect T1 without affecting T, and vice versa. But a CA

can have a larger effect on one relaxation time than on another. CA materials that mainly
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shorten longitudinal relaxation times (T1) therefore increase the signal intensity, which are
positive contrast agents, while the materials that mainly shorten transverse relaxation times
(T2) will decrease the signal intensity, and thus are negative contrast agents(Caravan 2006).
At present the commercially used negative contrast agents are superparamagnetic iron
oxide nanoparticles(Nakamura et al. 2000; Lee et al. 2007). The iron ion in nanoparticles
has a large magnetic moment because of strong coupling, ferro- or antiferromagnetic
coupling between iron ions. The large magnetic moment will cause large local
inhomogeneity of the magnetic field, which will mainly shorten T».

Positive contrast agents all consist of gadolinium chelate complexes(Lauffer 1987;
Caravan et al. 1999). Gd** contains 7 unpaired electrons. The electron has a spin magnetic
moment much higher than the *H spin moment (about 658 times) and a much faster flipping
rate. So unpaired electrons in a sample system will cause rapid local magnetic field
fluctuation, which leads to shorter proton T1. Gd** is the best ion available for shortening

the relaxation time, however it cannot be directly used as a CA for the human body because
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Figure 2.2 Construction of Gd(DOTA)(left) and Gd(DTPA)(right)(Caravan 2006)
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of the toxic effect of Gd(Ersoy and Rybicki 2007). So Gd chelate complexes were
developed(Carr et al. 1984; Oksendal and Hals 1993). Some Gd*" chelates have been
developed that have stable structures in the human body, which can act as a chemical shield
against the toxic effect of Gd** Among these chelates are Gadopentetate (Gd(DTPA),
Gadoterate (Gd(DOTA)). These two are already in wide commercial use, known by their
commercial names as Magnevist and Dotarem.

The introduction of CA will shorten the relaxation time (T1 or T2) or we can say enhance
the relaxation rates (1/T1 or 1/T>) in proportion to the CA’s Gd concentration. The ability
of the CA to enhance the relaxation rate per mM of Gd is defined as the relaxivity (r) of
the agent:

r.:—A(llT‘) i=1,2; (2.2)
S 1V '

Here [M] is the concentration of contrast agent or metal ion and 1/T; is either the spin-
lattice or spin-spin relaxation rate.

In order to get a decent contrast, the relaxation rate requires a change due to the CA of 0.5s
1 at least(Caravan 2006). The current commercial contrast agents have relaxivity about
AmM1s?) so a rather high concentration of at least 0.125mM is needed. To increase the
relaxation rate, more concentrated agent is needed or a contrast agent with higher relaxivity.
Our research has been dedicated to producing materials with higher relaxivity than the
contrast agents in general use at present.

2.1.3 Contrast Agent Relaxation Mechanism

Gd* has a large electronic magnetic moment and it can relax protons in water molecules
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nearby. Even with chelated Gd** ions,

bulk water, thus enhancing the averag

these nearby water molecules can exchange with

e relaxation rate of all waters in the solution. The

relaxed water is treated as residing mainly in three locations: inner-sphere water (one or

two molecules), 2"-sphere water (hydr

chelate) and outer-sphere water (in the

ogen bonded to oxygen in the carboxyl group of the

bulk).

Inner-sphere waters are the water molecules whose oxygen is coordinated to the Gd®* ion

itself. These waters have fast proton rel

axation rates and exchange rapidly with bulk water.

The H relaxivity of inner-sphere water can be expressed as(Solomon 1955; Bloembergen

and Morgan 1961; Lauffer 1987):

-5 _ Q/[H,0]
1= (2.3)
(T +75)
Where:
1 Ho 2h27/s7/H 37y 77,
S S(S+1 c c 2.4
Tim 15(4 ) o (5+D) 1+wit, 1l+air, @4)
1 1 1 1
—=—+—+—;i=12 (2.5)
z-ci z-M z-R ie
1 12, 1 4
e X 2.6
T. 5 (1+a)32 2 1+4a)§r\,2j (2.6)
1 12, 5 2
= _TENA 3 2.7
T, 10 TV[ 1t i l+4a)§r\,2j @7

In formular 2.4-2.7 q is the number of inner waters (one or two, for GA(DTPA) g=1); [H20]

is the total water concentration in mM; Tuwm is the longitudinal relaxation time of inner

water; 5. andy,, are the gyromagnetic ratios of the electron and proton respectively; redH is
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the distance between Gd®* ion and the proton in the inner water; S is electron spin number,
which is 7/2 for Gd*"; wn and ws are the Larmor frequencies of the proton and the electron
(0s=658wmH); t™ is the mean lifetime of the inner water (the water molecule’s exchange
correlation time); tr is the chelated Gd molecule’s rotational correlation time; Tie are
electronic relaxation times (longitudinal or transverse relaxation); A? is the mean value of
the transient zero-field splitting caused by random fluctuations in the electronic
environment surrounding the Gd** in the chelate; v is the correlation time of these random
fluctuations.

The first equation is valid if g/[H.0]<<1 and Tim>tm (Bloembergen and Morgan 1961).
Usually, contrast agents have one bonded water because the Gd** is capable of forming 9
coordination bonds, eight of them being bonds to the chelating agent to form a stable
structure, leaving one for water. There are two terms in second equation: called the 3-term
and 7-term. The 3-term depends mainly on the proton Larmor frequency and the 7-term
depends mainly on the electron Larmor frequency. The electron Larmor frequency is much
larger than the proton Larmor frequency (ws=658ww). When the frequency increases, the
7-term always decreases first. This decrease is called a “dispersion” of the term with
frequency. So the 3 term is dominant at high frequency (>5MHz for Gd(DTPA))(Caravan
et al. 1999). The relaxation of inner water protons comes from the dipole-dipole interaction
between unpaired electrons in Gd** and these protons. As mentioned in first chapter, the
fluctuation of fields acting on inner water comes from rotation of the Gd(DTPA) molecule

with correlation time tr, the exchange motion of the water molecule with its correlation
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time tv and the electronic spin’s relaxation time Tie, SO the total correlation time is
determined by three parts, as eg. 2.5. The electronic relaxation times are explained by a
theory called zero-field splitting, which applies to the situation of electronic spin S>1/2.
The zero-field splitting mainly arises from the interaction of two neighboring electron spins
and sometimes is also affected by the spin-orbit coupling(Bloembergen and Morgen 1961;
Kowalewski et al. 1981).

The 2"9-sphere water consists of water molecules having a hydrogen bonded to oxygen
atoms in the ligands. The relaxivity of 2"9-sphere water can be expressed in a treatment
similar to that of inner sphere water, but with different parameters, like the number of
hydrogens (q), the distance of hydrogen to Gd®*" and molecular exchange lifetime of
hydrogen(Aime et al. 1997; Botta 2000). All these parameters are hard to determine, which
makes 2"9-sphere water relaxivity ambiguous. It was noticed in the measurement of
Gd(DOTP)> which has a relaxivity similar to Gd(DTPA)?(Caravan et al. 2001). However,
the 17O Rzr measurement shows there is no inner water in Gd(DOTP)*>". And the relaxivity
is too high to attribute to outer water only. It turns out that the phosphonate group in DOTP
has a strong ability to form hydrogen bonds with water (Aime et al. 1995). Sometimes, the
2"%-sphere water is also categorized as out-sphere water(Bottrill, Nicholas, and Long 2006).
However this term is not to be confused the more widely-used term “outer-sphere water”,
which refers to the external water in a solution or suspension that has no bonding with the
complex and whose relaxivity comes from diffusion of water molecules. The Gd(DTPA)

and water molecules are treated as hard spheres and this part of the proton relaxivity can
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be calculated with equations(HWANG and FREED 1975; FREED 1978):

327 N ; i
= o5 S (S + D) o S Bi@) + 7 (@) (2:8)
Where:
1+‘Z1
i(@)=Re| —— @9)
7z
I+z2+—+—
9 9
zZ= ian'D+T—D (2.10)
le
d2
75 :B (2.12)

Here D is the diffusion constant of water, tp is diffusional correlation time, d is the hopping
distance of water molecule, and Na is Avogadro’s number.

We are also interested in the reduced 'O transverse relaxation rate (Rzr) because it is
possible to measure its temperature dependence and thereby determine the water molecular
exchange rate of inner water. The 'O Rz in a Gd(DTPA) solution can be represented by

the following equation(Swift and Connick 1962; Swift et al. 1964):

(2.12)

1 1 {1 1 }_LTZQ + T +Aay | 1

Rzr:T ZP_ T, T..| (rif + T ) +Awf, T
2 M 2 2A M M 2M M 20S

where Pw is the mole fraction of bound water; T> is the measured transverse relaxation time
of 170; Taa is the reference transverse relaxation time (measured using acidified water with
the same pH as the Gd(DTPA) solution); Tam is the transverse relaxation time of bound
water; Aw,, IS the chemical shift difference between bound water and bulk water; Tzos is

the relaxation rate of our sphere water. The contribution of the outer sphere water is
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negligible in Rz(Micskei et al. 1993). If the isotropic shift is small (the Aw,, can be

negligible), the equation can be simplified to:

1 1

T (2.13)

N PV Y

The bound oxygen relaxation is dominated by the scalar relaxation mechanism, and can be

calculated by(Micskei et al. 1993):

1 (AIR)? r
= S(S+1 __‘"2s 2.14
Toum 3 (S+ )[Tls +1+ szrzzsj ( )
1 1 1.
=+ i=12 (2.15)
Tis  Tm lie

The exchange correlation time r,, decreases with temperature but the transverse relaxation
time Tom increases with temperature because of the - term. So at low temperature Rz is
dominated by 7, and increases with temperature (slow exchange regime); at high
temperature, and Ry is dominated by Tom and decreases with temperature (fast exchange
regime). [S. Aime et. 1999]

2.1.4 Layered Double Hydroxide (LDH)

Layered double hydroxides (LDH) are compounds whose structure consists of alternate
metal hydroxide layers and interlayer anions(Cavani, Trifiro, and Vaccari 1991; Rives and
Ulibarri 1999). The metal layer has a structure like brucite, Mg(OH)2, where each Mg?* is
octahedrally surrounded by six OH"ions (Figure 2.3). Except for the top and bottom face,
each face of the octahedron is shared with other octahedra, thereby forming a metal

hydroxide layer. In LDH, a fraction of the Mg?" ions are replaced by trivalent cations, such
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Figure 2.3 Octahedron constituted by six OH" and one Mg?*(left); Metal layer
constituted by multiple octahedrons(right)

as AI**, but the metal hydroxide layer structure stays the same as brucite. The extra positive
charge of the trivalent cation is balanced by anions located between the metal hydroxide
layers. The chemical formula of LDH can be expressed as [M?':.
M3 (OH)2] (A™)wnenH20, where the M is metal ion and A is anion. The bivalent metal
could be Mg?*, Zn?*, Ca?*; the trivalent metal could be AI**, Fe®" and the cation could be
CO3%, CI, SO42.

LDH compounds are of wide interested to researchers because they are excellent anion-
hosting materials. They have already been used as catalysts for chemical reactions,
environmental remediation, ceramic precursors etc.(Cavani, Trifiro, and Vaccari 1991; Oh,
Biswick, and Choy 2009). Also, LDH is highly biocompatible(Kwak et al. 2002), which
makes it popular in biomedical fields. The cytotoxicity and therapeutic efficacy of LDH in
Vivo tests have been reported(Li et al. 2011; Qin et al. 2010; Silion et al. 2010). Based on
these properties of LDH NPs, it can be used as a host for MRI contrast agents, as is reported

in this thesis.
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2.2 Experimental Section

2.2.1 GA(DTPA) Intercalated LDH (Gd(DTPA)/LDH)

A new material, Gd(DTPA) intercalated with LDH has been successfully synthesized for
the first time by X. Sun, working in Prof. S. K. Dey’s laboratory in SEMTE. With thermal
treatment of LDH and Gd(DTPA) solutions at certain temperature, interlayer exchange
happens and Gd(DTPA)? can replace an interlayered anion, such as CI- or NO3, in LDH.
From the XRD pattern(Figure 2.4) we can see thta Gd(DTPA)? replaces NO3 anion in the
layer between metal ions and the interlayer spacing is expanded from the value 0.753nm,

typical of layer spacings of LDH(Brateman, Xu, and Yarberry 2004; Cavani, Trifiro, and

NO;- (2 0 0)
50000 d=753 A
Zn, Al-LDH NPs
45000 S ——
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40000 of interlaye
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Figure 2.4 XRD pattern of Zn, Al-LDH NPs and Gd(DTPA)/Zn, Al-LDH
NPs
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Figure 2.5 XRD pattern of Gd(DTPA)/Mg, Al-LDH and Gd(DTPA)/Zn, Al-
LDH

Vaccari 1991), to 1.931nm in Zn,Al-LDH and 2.2nm in Mg,Al-LDH, which is attributed
to intercalation of Gd(DTPA) molecules. The interlayer anion COs% anion is more difficult
to replace by Gd(DTPA)?. But it’s hard to make LDH NPs without CO3?" because the CO;
in the air always participates in the synthesis reaction. We have studied two types of LDH

with Gd(DTPA) intercalation: Mg, Al-LDH and Zn, Al-LDH. From the XRD patterns of

Figure 2.6 TEM of Zn,Al-LDH (left) (DLS: 357.2nm) and Mg,Al-LDH (right)
(DLS: 142.0nm)
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these two types of intercalated LDH NPs (Figure 2.6), we can see they have similar patterns
but Mg, Al-LDH has lower intensity of X-ray lines, which means that Mg,Al-LDH has
lower crystallinity than Zn,Al-LDH. Also, the crystallinity of Mg,Al-LDH can vary with
the synthesis procedure.. The TEM of two types of NPs are shown in Figure 2.6, in which
the LDH nanoparticles can be observed and their average size can be determined

2.2.2 NMR study of Gd(DTPA) intercalated LDH

Relaxation times T1 and T, of water *H are measured at variable temperature using a Varian
CMX300 NMR spectrometer operating at 300MHz NMR frequency. T1 was measured with
the inversion recovery method and T, was measured using spin echoes. T1 of 'H was also
measured at several other NMR frequencies including 15.4MHz, 22MHz and 128MHz.
The last is the standard frequency of MRI scanners operating at 3T.

170 NMR was observed at natural abundance, and the T of 'O was measured at variable
temperature, using the Varian CMX300 NMR spectrometer.

2.3 Results and Discussion

2.3.1 Relaxivity Measurement

From the longitudinal relaxation rate vs. Gd concentration measurement (Figure 2.7) of
several different compounds of Gd(111) solution using 15.4MHz NMR, we can see that the
relaxation rate of Gd(DTPA)/LDH is proportional to the concentration of Gd, so the
relaxivity of Gd(DTPA)/LDH is the slope of a linear fit of relaxation rate vs. concentration
of Gd in our nanoparticles (NPs) suspension samples. Relaxivity comparisons are listed in

Table 2.1. At 15.4MHz, Gd(DTPA)/LDH NPs have a much higher relaxivity than
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Figure 2.7 longitudinal relaxation rate vs Gd concentration of different Gd(111)
solution using 15.4MHz NMR spectrometer (the error of each relaxation rate
measurement is smaller than 3%, which is too small to show a clear error bar, so
the error bar is not added in this and following figures.)

Table 2.1 relaxivitv of several Gd(111 solution at 15MHz

. Gd(DTPA)/ | Gd(DTPA)/
solution Mg, ALLDH | ZnAL-LDH Gd(NO;); | GAd(DTPA)
Relaxivity
325 11.1 14.8 4.63
(mM-1s1)

Gd(DTPA) ions in solution. Mg, Al-LDH has even higher relaxivity (as large as ~30mM-
s1) than Gd®* ion in solution. So Gd(DTPA)/LDH is a promising material for use as a

contrast agent.
Figure 2.8 is a comparison of relaxivities at two different intercalation percentages,
obtained at two different Larmor frequencies. Two Gd(DTPA)/Mg,Al-LDH NPs were

made with similar sizes but different intercalation percentages (ratios of 2[Gd(DTPA)?]
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Figure 2.8 Relaxivity measurement (dashed line:15MHz; solide line:300MHz)of
Gd(DTPA)/LDH with different percentage of intercalation: (a)

2Gd(DTPA)?:Al**=0.3107:1(size:359.7nm); (b)
2Gd(DTPA)?:Al=0.1054:1(315.3nm);

and [AP*]) (each AI** in LDH contribute only one extra positive charge to the metal layer,
which mainly has Mg?*. So it takes two AI** ions in the metal layer to balance out the two
negative charge in Gd(DTPA)Z. In another word, the 2[Gd(DTPA)?]:[AI**]=1:1 with 100%
intercalation). As the Larmor frequency increases from 15.4MHz to 300MHz, the
relaxivity decrease to about one third. This behaviour, decreasing relaxivity with frequency,
is similar to that of Gd(DTPA) in solution. Also, a higher intercalation percentage is
observed to have a negative effect on relaxivity when the NPs in suspension have similar

particle size.
Figure 2.9 shows the Zn/Al-LDH NPs size dependence of longitudinal relaxivity at two
Larmor frequencies, 15.4MHz and 22MHz. The details of these five Zn/Al-LDH NPs,

including size and intercalation percentage, are listed in Table 2.2. These samples have
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Figure 2.9 Longitudinal relaxivity of Gd(DTPA)/Zn,Al-LDH with different

NPs size. (intercalation percentage 2Gd(DTPA)?:AlI**~0.5:1) (The straight

lines are only trend indicators, not linear fits. Individual relaxivity errors are
of order 2%)

Table 2.2: Relaxivity of five different Zn,Al-LDH NPs
Relaxivity(mM~-1-s7-1)

Particle Size (nm) 2 Gd(DTPA):Al
15MHz 22MHz

511.5 0.5391:1 10.18

672.1 0.4459:1 10.39 9.47
753.7 0.5231:1 10.68 9.9
759.4 0.5094:1 11.11 9.97
820.3 0.5663:1 10.79 9.76
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quite  high intercalation  percentage, around half-maximum intercalation
([2Gd(DTPA)?]:[AI**] = 0.5:1). The relaxivity is lower at 22MHz than at 15.4MHz and
slightly increases with NP size.

Figure 2.10 is the relaxation rate dependence on pH, which shows that the relaxation rate
decreases with pH. During the measurements, the initial pH 5.4 of a Gd(DTPA)/Zn,Al-
LDH was increased by adding concentrated LiOH into the sample. In the process of varying
pH, the concentration of Gd(DTPA) varied less than 10%. At pH=9.49, agglomeration can
be clearly observed. This is because the OH" will absorb on the surface of LDH NPs and

neutralize the residual positive surface charge, leading to agglomeration of the NPs.
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Figure 2.10 Longitudinal relaxation rate of Gd(DTPA)/Zn,Al-LDH dependence
on pH

Figure 2.11 shows results of r, measurement at several different *H Larmor frequencies
(15.4MHz, 22MHz, 128MHz and 300MHz). Both Gd(DTPA)/Mg,Al-LDH and

Gd(DTPA)/Zn,Al-LDH were measured, except for Gd(DTPA)/Mg,Al-LDH at 22MHz. It
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is seen that Gd(DTPA)/Mg,Al-LDH has higher relaxivity than Gd(DTPA)/Zn,Al-LDH at
each frequency. Again, r1 decreases with frequency increase. As noted above, 128MHz is
the medical clinically used frequency. At this frequency, the relaxivity of
Gd(DTPA)/Mg,Al-LDH is 6.5mMs? which is about 50% higher than Gd(DTPA). The
higher relaxivity of Gd(DTPA)/Mg,Al-LDH than Gd(DTPA)/Zn,Al-LDH can be attributed
to outer sphere water(or 2"9-sphere water). The Gd(DTPA)/Mg,Al-LDH has lower
crystallinity than Gd(DTPA)/Zn,Al-LDH, So the outer sphere water(or 2"-sphere water)

may have a higher exchange rate.

20 r
. & Gd(DTPA) /Zn, A1-LDH

~ 15 k o Gd{DTPA) Mg, A1-LDH
s
-E;- 10 F * &
z .
% J . .
< i

U |

10 100 1000

'H Larmor Frequency(MHz)

Figure 2.11 relaxivity r1 of two types of NPs measured at several different *H
Larmor frequency.

Figure 2.12 shows a theoretical calculation of Gd(DTPA)/Zn,Al-LDH’s relaxivity over the

frequency range of 1-300 MHz. The simulation uses the inner water relaxivity only. The
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simulation results are: values for the exchange correlation time »_ (1.58ms), for the
correlation time for the modulation of zero-field splitting ~ (0.16ps) and mean square
amplitude of the transient zero-field splitting A® (~11*19'%72). Using inner water
relaxivity only for simulation is a good approximation for Zn,Al-LDH suspensions because
outer water relaxivity arises from diffusion of water molecules around Gd(DTPA)
molecules, and in LDH suspensions, these waters form a constricted interlayer with much
slower diffusion than in bulk water (the diffusion correlation time in LDH layers is
approximate 10° times longer than pure water (the estimation using correlation time of
LDH NPs(Dupuis et al. 1990) without intercalation, although Gd(DTPA)/LDH might have
shorter correlation time because of spacing expansion)). So the outer water contribution is

negligible. However, a similar calculation for Gd(DTPA)/Mg,Al-LDH can’t be fitted to

15
3
= 10 *
i
=
S 5
e »

0

1 10 100 1000

Proton Larmor Frequency(MHz)
Figure 2.12 Simulation of Gd(DTPA)/Zn,Al-LDH’s relaxivity

experiment using only inner water relaxivity, which means there is another relaxivity
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mechanism present besides inner sphere water. Considering that Gd(DTPA)/Mg,Al-LDH
has lower crystallinity, the outer sphere(2nd-sphere) water may make an important
contribution at high frequency. In these NP suspensions, this contribution has proved
difficult to calculate.

Figure 2.13 shows the 'O transverse relaxation rate (Rz) of Gd(DTPA)/Zn,Al-LDH
dependence on temperature. The relative relaxation rate (1/T2-1/Torf) oOf
Gd(DTPA)/Zn,Al-LDH uses a suspension of unintercalated LDH NPs as a reference, so
the result eliminates the effect of oxygen quadrupolar relaxation and other possible effects

arising from LDH. The relative relaxation rate of Gd(DTPA) uses pure water as reference.

R, of 70 increases with temperature, which means that water is in a slow exchange regime

300
® Gd(DTPA)/Zn,Al-LDH
250 A Gd(DTPA)
w
= 200
f—
v
e~ 150
I._.
—
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50
®
0
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Figure 2.13 'O transverse relaxation rate of Gd(DTPA)/Zn,Al-LDH dependence
on temperature
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(longer mean inner water residence time relative to the inner water-coordinated intrinsic
70 spin relaxation time T,). Also, the Rz of Gd(DTPA)/Zn,Al-LDH is much smaller than
Gd(DTPA). This could also be explained by slow exchange of water molecule. With slow
water exchange, the Gd** relaxation of ’O would become small in Gd(DTPA)/Zn,Al-LDH,
and is dominated by the huge quadrupolar relaxation of 'O, so the effect upon 'O
relaxation from Gd®* in the suspension sample itself becomes very small. However, these
70 NMR results to date are obtained at the natural abundance concentration of *’O, not
from enriched samples, so the Y’O-17O spin-spin interaction contribution to the measured
T2! relaxation rates are negligible, making both the measurements of T, and their
interpretation difficult.

2.3.2 Mechanism of Relaxivity Enhancement

With intercalation of Gd(DTPA), the clearest change is the dramatic increase of the rotation

correlation time( z, ). This correlation time can be estimated from the Debye-Stokes

equation:

(2.16)

T =

Here r is radius of particle; n is the viscosity of solution; kg is the Boltzmann constant.

In GA(DTPA) solution, 7, is 58ps(Powell et al. 1996), and is the dominant term in the total
water proton T: relaxation’s correlation time. T1e increases from 0.07ns to 2ms when the
frequency increases from 0.01MHz to 1000MHz. So at low frequency the T1e term is also
dominant but it’s not at higher frequencies (>3MHz). As mentioned before, the 7-term, in

equation 2.4, dispersed at frequencies higher than 5MHz, and the 3-term in equation 2.4,
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has a maximum around 2.6GHz (wt=1) which is much higher than medical clinic MRI
frequency (128MHz). With intercalation the size of particle increases dramatically.
Assuming a particle with size 100nm, the z, would have to be of order of 0.1ms, so the

1/7, term is much smaller than 1/tm and 1/T1e. Thus the 1/, term in equation 11.5 makes

a negligible contribution to the total correlation time, and tc; would increase. Therefore the
maximum frequency would be lower and would enhance the relaxivity at the required
frequency range. The positive effect on relaxivity of increasing r, has been proved by
simulation(Caravan et al. 1999). So the vanishing of 1/, term coupled with increase of the
electronic 1/Tie term are the main reasons of enhancement for relaxivity in
Gd(DTPA)/LDH nanoparticle suspensions.

Also, with intercalation, the bonded water on Gd®*, instead of directly exchanging with
bulk water, can only exchange with interlayer water of LDH. In this case, we can expect

that the water exchange correlation time (_) is longer than in Gd(DTPA). Both the

simulation result (Figure 2.11) and R measurement of 'O (Figure 2.12) are consistent
with this expectation. The simulated _ is 1.58us which is much longer than 0.32ps in
Gd(DTPA)(Powell et al. 1996). This length of - _ is of the same order as Tim, which has a
negative effect on relaxivity. So a long -_ is a restriction to obtaining higher relaxivity.
This can explain why a higher intercalation percentage will lower the relaxivity (Figure
2.8). Because of slow exchange of water, the Gd(DTPA) at the edges of LDH NPs are most

effective. The higher intercalation percentage might thus increase the portion of Gd(DTPA)

with slower effective inner water exchange.
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The sizes of Gd(DTPA)/LDH NPs increase from 500nm to 800nm (Figure 2.9), and -,
increases from about 2.5 to 6.4ms. Considering that the 1/, term is negligible in equation
2.5, the change of nanopatrticle size should not induce a change of relaxivity, which is also
validated in the simulation. So the increase of relaxivity probably comes from the
distribution of Gd(DTPA).

The electronic relaxation time depends on chemical bonding of molecule and molecular
symmetry, so it also should be affected by intercalation, but at present intercalation’s
effects on this time are not understood.

2.4 Conclusion

In order to develop new MRI contrast agents, Gd(DTPA)-intercalated LDH has been
successfully synthesized. The new material has a higher relaxivity than Gd(DTPA) in
solution, especially at low frequency. At the clinical MRI frequency 128MHz,
Gd(DTPA)/Mg,Al-LDH has a relaxivity of 6.5mM-1s? which is much higher than the
relaxivity of GA(DTPA). So Gd(DTPA)/Mg,Al-LDH is a candidate for use as MRI contrast
agent.

To understand the mechanism of relaxivity in nanoparticles, a series of experiments have
been done. It is shown that the relaxivity enhancement of Gd(DTPA)/LDH is closely
connected with the strong increase of the rotational relaxation correlation time (especially
in the low frequency range (~15MHz)), but can be restricted by decrease of the water
molecule exchange correlation time. It is also possible to intercalate other Gd complexes

with shorter exchange times (like GA(EGTA)) into LDH NPs, to improve relaxivity. With
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high crystallinity of LDH NPs (Zn,Al-LDH), the relaxivity contribution of outer water can
be negligible. However, lower crystallinity of LDH (Mg,Al-LDH) has a positive effect on
the relaxivity, which probably arise from the contribution of outer water molecules, i.e.
those outside of the Gd3* chelate’s inner shell. The outer water molecules’ contribution

could the mainly reason of relaxivity enhancement in high frequency range (300MHz).
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CHAPTER 3
NMR STUDY OF CEMENTITIOUS MATERIALS

3.1 Introduction

3.1.1 Cementitious Materials

Ordinary Portland Cement (OPC) is one of the most widely used construction materials in
the world. It is an important ingredient of concrete, usually taking up 10-15% of that
material(Taylor 1990). Cement has been used for construction for thousands of years and
has become more and more important in the development of civilization. The production
of cement has already increased to an enormous figure all over the world. 3700 million
tons of cement were produced in 2012 worldwide(Hargreaves 2013).

Portland cement is a complicated mixture produced by calcination of blends of limestone
and clays. So Portland cement usually has high a content of calcium oxide (~60%) and a
moderate amount of silica (~20%). In anhydrous cement, the main components are
tricalcium silicate and dicalcium silicate. With hydration, parts of these components are
dissolved and form disordered products, like calcium-silicate-hydrate(C-S-H)(Skibsted
and Hall 2008).

It takes 5.8 billion Joules to produce one ton of cement. With this huge production, cement
becomes the third most energy-intensive consumer industry after steel and aluminum in
the world(Price and Worrell 1999). What is more serious is that the cement industry is one
of the primary industries responsible for the greenhouse gas emissions. Lime calcination
and fuel burning in cement production are both CO> emission processes. About 900kg of

CO; are emitted for every ton of cement produced, about 50% from the chemical
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processing and 40% from fuel burning(Carbon Dioxide Emissions 2006; Benhelal et al.
2013).

Because of these problems induced by the cement industry, researchers have been
searching over the years for cement replacements. At present, three cement substitutes are
most commonly used: fly ash, ground granulated blast-furnace slag (abbreviated ggbs) and
condensed silica fume (csf). There are several features of these cement substitutes. First,
they are industrial waste or by-products, so there is almost no raw material cost. Second,
these materials have high silicate content and can thus participate in reaction to form
silicate-based network structures, which is the key to OPC’s functionality.(Palomo and
Palacios 2003; Palomo and de la Fuente 2003)

3.1.2 Alkali-activated fly ash

Fly ash consists of residues generated in coal combustion, usually removed from the flue
gases using electrostatic precipitators. Since most power plants use coal-like fuel all over
the world, the sources of fly ash are sufficient. Replacement of cement by fly ash not only
reduces the problem of the cement industry, but also helps recycle fly ash.

However, in order to function as a binder fly ash must be subjected to a chemical process
known as activation, nearly always performed by mixing fly ash with an alkaline solution
and curing at high temperature(Puertas et al. 2000; Bakharev 2005). Mixed with water and
allowed to dry, the final product has hardness comparable to that of OPC, making its use
as a cement replacement possible(Duxson, Fernandez-Jimenez, et al. 2007; Palomo,

Grutzeck, and Blanco 1999). Compared with cement, fly ash has a much lower calcium
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oxide content and much higher alumina content, so the reaction and final product are
different from cement’s(Palomo, Alonso, and Femandez-Jimenez 2004). The main reaction
product in alkali activated fly ashes is a three-dimensional alkaline aluminosilicate hydrate
network, commonly referred as the M-A-S-H gel (where M is the alkali cation - Na or K).
The reaction starts from the dissolution of silicate and aluminate on the surface of fly ash
particles, which is rapid at high pH(Blum and Lasaga 1988; Walther 1996). Concentration
of silicate and aluminate rapidly increase, thereby inducing the formation of gels(Swaddle,
Salerno, and Tregloan 1994; Swaddle 2001). With further reorganization and
polymerization, the final reaction product will form a 3D aluminosilicate network. Thermal
cure is required for this reaction to acquire adequate properties as a binder.

With soluble silicate present, silicate glass slurries could also be formed by removing water.
But the product would be dissolved again by water(Duxson, Fernandez-Jimenez, et al.
2007). A geopolymer, as aluminosilicate newwork formers are known, with irreversible
hardness can be formed only when the silicate and aluminate are in contact, during final
curing into a structure. Thus, soluble aluminum is a kind of trigger for inducing hardness
in the final product.

In the network, both the Si** and AI®* cation are tetrahedrally coordinated and linked by
oxygen. The alkali cation plays a charge balancing role for AlO4™ group. The alkali cation
is thus an essential structure-forming element and influences the Si/Al ratio of the final
reaction product. Also, a Na/Al ratio of approximately 1.0 is required for desirable

mechanical and durability properties of these matrices(Duxson, Mallicoat, et al. 2007).
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Alkalinity of the activator determines the extent of its dissolution into the binder. It has
been reported that potassium-based activating solutions, by virtue of their higher pH, aid
in more dissolution and that K is preferentially incorporated into the binder
structure(Duxson et al. 2005). The tendency of K* to favor larger silicate oligomer
formation is stated to be influential, in the presence of activating solutions with higher
silicate contents(McCormick, Bell, and Radke 1989). However other studies have reported
better efficiency of sodium based activators both in liberating Si and Al species into
solution and in the rates of crystallization(Rios, Williams, and Roberts 2009; van Jaarsveld
and van Deventer 1999; Xu and van Deventer 2003).

Extra soluble silica in the activator also affects the process of activation(Palomo, Alonso,
and Femandez-Jimenez 2004; Lee and van Deventer 2002). With extra soluble silica, the
alkalinity of the activator will be lowered, therefore the rate of dissolution will be decreased.
However, the presence of more soluble silica could favor the formation of a silica-rich gel.
So fly ash activated by alkali silicate solution must also be examined.

3.1.3 NMR Study of Zeolites

Zeolites are a widely-used group of aluminosilicate minerals that have microporous
structures. These minerals lose water rapidly under thermal treating, without lattice
collapse, which looks like “boiling”. So this group of minerals is named as zeolites. They
include molecular sieves, among other common materials. Activated fly ash is also
considered as a “zeolite precursor”, so the structures of zeolites help in understanding those

of activated fly ash(MCCORMICK and BELL 1989).
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With the development of solid-state NMR, an extremely useful tool for investigating the
structure and interactions of solid materials became available. 2°Si and 2’Al soli-state NMR
are invaluable methods for the study of aluminosilicate, in particular zeolites(Engelhardt
and Michel 1987). The chemical shifts, line intensities and line widths of NMR spectra
reveal much about the structure of these materials.

In a zeolite, the Si atoms are usually 4 coordinated through oxygen atoms and denoted as
Q". Here Q represents a silicon atom singly bonded to four oxygen atoms and the
superscript n represent the number of other Q units bonded via the unpaired oxygen
electrons (Figure 3.1)(Engelhardt et al. 1974). In aluminosilicate minerals, the Si atom in
these structures can be replaced by an Al atom, thereby forming a tetrahedral AlO4 unit in
the SiOs-bonded network. In this case, the notation Q"(mAl) is used, where m represent
the number of Al atoms in nearest-neighbor bonded Q units replacing Si (m<n). In
cementitious materials, materials with high content of Ca?* ion, like Portland cement and
slag, tend to form a chain structure, so the Si atoms are mostly Q* (end of chain) and Q?
(middle of chain)(Skibsted and Hall 2008), although small amounts of Q* and Q* (cross-
linked) can also be observed by NMR in slag(Myers et al. 2013). However materials with
low content of Ca?* ion, like fly ash and metakaolin, tend to form 3D aluminosilicate gels,
in which Si atoms are mainly in Q* groups, with a few AlO4 neighbors(Fernandez-Jimenez,
Palomo, and Criado 2005).

The chemical shifts of 2°Si observed in an NMR spectrum are usually located in the range

-60ppm to -120ppm, relative to tetramethylsilane (TMS) (Figure 3.2). Q°, in isolated SiO4*
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ions, usually has the highest 2°Si chemical shift, and the shift decreases by about 10ppm
with each Si-O-Si bond formed in a structure. Also, with each Si that is replaced by Al, the
chemical shift of 2°Si increases by about 5ppm(Balmer et al. 1997). For NMR spectral
interpretation these shift change patterns are understood as results of electron density
changes in the vicinity of the observed 2°Si nucleus itself, arising from chemical bonding.
In addition, the integrals of different NMR lines (or intensities if line widths are identical)
are proportional to the total amounts of Si atoms at their corresponding sites. In
aluminosilicate, the Si/Al ratio can also be calculated from the identified Si species and

their intensities using the equation(Engelhardt and Michel 1987):

O YI@ man)
St/ A= 0.255 ml (Q*(mAl)) 3D

Here 1(Q*(mAl)) is the NMR signal intensity of Q*(mAl).

Line widths of 2°Si in spectra are frequently affected by H, 2’ Al or other neighboring nuclei,
and thus do not always turn out to be identical, but they can also provide information about
structural disorder.

As for 2’ Al NMR of the Al atoms, they could be in 4, 5 or 6 O-coordinated sites in zeolites.
The chemical shifts of Al are in the range of 50 to 80ppm for 4-coordinate, 30 to 40ppm
for 5-coordinate and -10 to 20ppm for 6-coordinate(LIPPMAA, SAMOSON, and MAGI
1986; Muller et al. 1981). According to Loewenstein’s rule(Loewenstein 1954), there is no
Al-O-Al bonding in aluminosilicate network. So the possibility of Al-O-Al bonding is
usually neglected, although a few exceptions are exist. In another word, each tetrahedral
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Al atom must bond to four other four Si atoms, reducing the chemical shift range of 4-
coordinate Al from 55 to 68ppm(Stade, Muller, and Scheler 1984). Because of the
quadrupolar interaction of 2’Al, quantitative analysis of its line intensity cannot be done in
most amorphous materials(Dejong, Schramm, and Parziale 1983).

Usually zeolite NMR spectra have well defined peaks and the species are easier to
determine because of structures’ long range crystalline order. However, cementitious
materials have more complicated spectral components and lack long range order, so poorly
defined peaks occur. In these cases 2°Si NMR spectra of zeolites of similar composition
can be used reference to identify the components of a cementitious material(Lippmaa et al.

1980; Neuhoff, Stebbins, and Bird 2003; Madani et al. 1990; Kato and Nishido 2003).

Table 3.1: 2°Si chemical shifts of several types of zeolites.

Zeolite Formula 29Si chemical shift(ppm)

QY4Al) Q*3Al)  Q*2Al) Q*1Al) Q*O0Al)

Na chabazite  NaAlISi;Os*3H,0 886 932  -985  -1042  -109.7
NaP zeolitt  NaAlsSisO15°6H;0 88 92 97 102 -107

Na phillipsite NaosCaosKosSiszAL:Ow6H0  -875  -92.0  -98.0  -1035  -108.0
Orthoclase ~ KAISI:Os 867  -926  -968  -100.2  -104.6

3.2 Experimental Section
3.2.1 Sample Preparation
A Class F Fly ash conforming to ASTM C 618(2012) was used as the starting material.

The chemical composition of fly ash is shown in Table 3.1. The specific surface area of the
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fly ash was measured at 218m?/kg using Blaine’s air permeability apparatus. The median

particle size, measured using laser particle size analysis was 19.9mm.

Table 3.2: Chemical composition and physical properties of fly ash

SiO2 | AlOs | Fe20O3 | CaO | MgO | SOs | NaO | KO | LOI SSA

58.4% | 23.8% | 4.19% | 1.11% | 0.44% | 1.43% | 1.02% | 1.02% | 0.5% | 218m%kg

Fly ash was activated using alkali hydroxide solutions of two different concentrations (4M
and 8M NaOH and KOH) and alkali silicates (both K and Na silicates) having a SiO»-to-
Na20 or SiO»-t0-K>0 ratio (Ms) of 2.0. The alkali hydroxide solutions were prepared by
dissolving NaOH or KOH beads (99.9% purity) in water. The Na and K silicate solutions
had as-obtained Ms values (mole-based) of 3.32 and 3.29 respectively and a solids content
of about 36%. NaOH or KOH solutions were added to bring the Ms values to 2.0 and
maintain the M»O-to total powder (fly ash) content (n) of the pastes at 0.05. The solution-
to-powder ratio used for all the mixtures in this study was 0.40. For rheological studies of
NaOH and KOH activated pastes alone, the solution-to-powder ratio used was 0.35. This
change was necessitated by the requirement to obtain consistent pastes that could be placed
and confined within the parallel plates of the rheometer used. Mortars containing 50% by
volume of paste (activator + binder) were prepared for the compressive strength tests. All
the paste and mortar specimens were cured in ambient conditions at 23+1°C for 24h and
then heat cured in sealed conditions at 80°C for a further 60h. One set of mortar specimens
was cured in a waterbath maintained at 80°C. Compressive strength tests were conducted

on both sets of specimens. Porosity and NMR test were only conducted on the set of
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specimens in sealed conditions.

3.2.2 Compressive strength

The compressive strengths of the mortar mixtures were determined in accordance with
ASTM C 109(Ben Haha et al. 2011). The tests were conducted after the specimens were
removed from the oven or waterbath after the thermal curing duration of 60h. The
specimens kept in the waterbath were surface dried before testing. Both sets of specimens

were allowed to return to ambient temperatures before they were tested.

3.2.3 Pore Structure
Mercury intrusion porosimetry (MIP) was used to detect the pore structure of activated fly
ash. In this test, the sample was merged in mercury and pressure was applied on the
container. The mercury can be intruded into pore with small sizes under high pressure.
From Washburn equation, the pore size can be calculated from the applied
pressure(Washburn 1921).

D =-4ycos@/P (3.2)
Where D is the diameter of pore size; y is the surface tension of mercury; 6 is the contact
angle of mercury and P is the pressure applied.
The contact angle and surface tension used were 130° and 0.485N/m. The maximum
pressure was 414 MPa corresponding to a minimum pore diameter of 0.003um.
3.2.4 NMR Spectroscopy
29Si, 2Al, *H and 2Na Magic Angle Spinning (MAS) NMR spectroscopy were performed
using a Varian CMX300 solid-state NMR spectrometer. For 2°Si NMR, the resonance
frequency was 59.7MHz. The time between accumulations was 5s, and tetramethylsilane
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(TMS) was used as the external standard for 2°Si. The resonance frequency for 2’Al was
78.3 MHz. The ?’Al chemical shift values were referenced to 1% AI(NO3)s(aq). The times
between accumulations are the same for 2’Al (1s). For 'H NMR, the frequency was
300.4MHz and 1s the pulse delay time. TMS is also used as the reference for tH NMR. All
the spectrum were obtained with MAS spinning rate set at 10kHz.

A ni/2 r.f. pulse was used for spectra of 2°Si and *H. A n/6-duration r.f. pulse length (for
aqueous metal ion (AI*") in octahedral coordination in solutions) was used for 2’Al. The
2IAl nucleus has a substantial electric quadrupole moment, and it determine the NMR
spectra in solids whose local environment for the metal ion has symmetry lower than cubic.
All samples in this study are basically amorphous, and therefore have low symmetry for an
Al atom (despite its highly local four-fold oxygen coordination, at the center of an Al-O
ion).

3.3 Results and Discussion

3.3.1 Compressive strength

Figure 3.3 shows the compressive strength of the activated fly ash samples. For all the
cases, the compressive strength of the specimens cured in a water bath is lower than that
of specimens cured under sealed conditions in a convection oven. The specimens were
cured at ambient conditions (23°C) for 24h before the water bath. However, the fly ash
can’t be reacted enough under ambient conditions, so the specimens were exposed to the
water bath at 80°C, allowing water to penetrate into the material’s microstructure even

while the structure was being formed, resulting in an increased porosity and lower strength.
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With sealed curing there is no extra water, resulting in lower porosity and higher strength.
While soluble silica expedites the precipitation of the sample’s gel, the reaction progresses
further before heat curing. So the strengths of samples using an alkali silicate activator with
two heat curing are close to those formed.

The compressive strengths of the Na-activated mortars are found to be higher than those of
the K-activated mortars irrespective of the activator type, concentration, or the curing
regime. This is quite the opposite of the trends reported in several previous paper(van
Jaarsveld and van Deventer 1999; Lizcano et al. 2012) and to the fact that K based
activators result in better workability with less viscosity, which likely increases the ease of
ionic movement during the structure formation phase. Potassium has been found to
promote a greater degree of reaction and thus increased reaction product formation in

metakaolin based systems.

50 1 1 1 1 1 1

1 socc . |Sealed heat cured I
Cured in waterbath

Compressive Strength, MPa

’ M M ' &M ' '
am PO
NaOH NaOH koW Kon NaSil KsSil

Figure 3.3: Compressive strength of activated mortars after sealed curing or moist curing
for 60h on a waterbath. Curing temperature were 80°C for both cases
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The higher concentration of hydroxide activator is apparently beneficial to the strength of
final product. Higher concentration of hydroxide leads to rapid dissolution of silicate and
alumina even at ambient temperature, therefore faster formation of the gel. Thus 8MNaOH
activated fly ash cured in the water bath has a relatively high strength. Also, more alkali
cation will affect the Si/Al ratio in the product, and therefore the sample’s mechanical
properties.

3.3.2 Pore Structure

Figure 3.4 shows the total pore volume and the differential pore volume plotted as a
function of pore sizes for the activated fly ash using six different activators with sealed
curing. Comparing K-activation with Na-activation, the cumulative volumes of mercury
intruded are very similar. Increasing the concentration of activator (from 4M to 8M), causes
both the cumulative volumes and critical pore sizes (indicated by the peak in the differential
pore volume-pore size relationship) to decrease, for both K-activator and Na-activator.
With a higher degree of alkalinity, more Si and Al could be dissolved and more
aluminosilicate gel formatted. That leads to a more packed structure, which is the possible
reason for less cumulative volume resulting in a higher level of alkalinity.

Activated fly ash using alkali silicate has higher cumulative volumes than that using alkali
hydroxide. The critical pore size of activated fly ash using alkali silicate is much smaller
than that using alkali hydroxide. The extra soluble silicate in the activator accelerate the
formation of the gel, so the structure tends to form smaller size pores. However, the

alkalinity of alkali silicate solutions is lower, so fly ash particles are less dense, resulting
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activated fly ash pastes
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in more accumulation volume of pores.

Based on the IUPAC definition(ROUQUEROL et al. 1994), mesopores have sizes in the
range of 2-50nm and macropores have size larger than 50nm. Pores with size larger than
200nm are present in low reactivity fly ash(Sindhunata et al. 2006), so the pores can be
classified into three size groups: 0.0036-0.05um, 0.05-0.2um and >0.2um (0.0036um is
the MIP detection limit). The 0.05-0.2um sized macropores are formed at an early stage of
reaction, and as products get formed these pores would be filled up and mesopores (0.0036-
0.05um) are formed, which represent the pores in clusters of aluminosilicate network. The
pores larger than 0.2um can be attributed to the spaces between the reaction products,
which detrimentally influences the strength of activated fly ash (Figure 3.5(b)).

Figure 3.5(a) shows the portion of pores in three size ranges. The activated fly ash using
4M KOH or NaOH have a high portion of pores with size larger than 0.2um, which is

responsible for the low compressive strength. The high portion of mesopores in Na and K
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Figure 3.5: (a) Distribution of pore volume into different size ranges in activated fly
ash pastes; and (b) Relationship between compressive strenath and the volume of
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silicate specimens means more aluminosilicate gel was formed, which is a benefit resulting
from soluble silicate in the activator. However, the high porosity reduces the strength
relative to 8M NaOH specimens.

3.3.3 °Si MAS NMR Spectra

Figure 3.6 shows the 2°Si NMR spectrum of the initial fly ash. A Lorentz line shape was
used for deconvolution into multiple peaks of well-known silicate compounds, each peak
being assigned the same line width, following the working first approximation for 2°Si line
decomposition in the cements literature. The spectrum is poorly defined because of the
amorphous structure in the initial fly ash. The peak at around 90ppm can be attributed to
crystalline mullite, a strongly bound, non-reactive silica-alumina compound frequently

found in fly ash(Gomes and Francois 2000), while the peaks lower than -109ppm belong
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Figure 3.6: 29Si MAS NMR spectrum of fly ash and its deconvolution
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to the silica species in the fly ash that react with alkali to form the aluminosilicate network.
Figure 3.7 shows the 2°Si MAS NMR spectra of activated fly ash using six different
activators. Fly ash activated using NaOH (Figure. 7(a) and (b)) shows some well-defined
peaks, which arise from different aluminosilicate Si species. The highest peak is located at
-98ppm, which is characterized as Q*(2Al). When the NaOH concentration of the activator
increase from 4M to 8M, the amount of Al-rich gel (Q*(4A+Q*(3Al)) changes very little
from its initial value (~36%), but the amount of Si-rich gel (Q*(2Al)+Q*(LAl)) increase
substantially (from 36% to 40%). Higher alkalinity releases more Si and Al from fly ash,
therefore forming more gel. The higher content of aluminosilicate gel in 8M NaOH is
consistent with the higher compressive strength of the 8M NaOH specimen.

The NMR spectrum of the Na silicate-activated fly ash (Figure 3.7(c)) is broad with poorly
defined peaks, reflecting the higher degree of structural disorder in the gel. Comparing Na
silicate specimens with those formed using NaOH, one sees that they have similar chemical
shifts of Si species in the aluminosilicate gel, which means the products have similar
structures. However, in the Na silicate specimen, there are more component below -
109ppm, which are silica polymorphs. There is extra silicate in the activator and thus
relatively less aluminate in the resulting binder, which is consistent with more silica
polymorphs being formed instead of aluminosilicate. The Na silicate specimens have the
highest degree of disorder and lowest portions of aluminosilicate gel in the final product,
among Na activator specimens. The Na silicates also have lower alkalinity, so less silicate

and aluminate can be dissolved. Thus there is more unactivated fly ash left, which is

78



98 98

Il

/M\

/»‘AA&

E 0 A0
'

ALXXL NN
:

T — T T | T | T
-50 -75 -100 -125 -150 -50 -75 -100 -125 -150
ppm ppm

Figure 3.7: °Si MAS NMR spectra of fly ash activated using: (a) 4M NaOH; (b) 8M
NaOH; (c) Na silicate; (d) 4M KOH; (e) 8M KOH,; (f) K silicate.
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Table 3.3: Deconvolution of activated fly ash

Sample Aluminosilicate gel Silica polymorphs Si/Al
Q.¢q Q'4al) QA Q'2al Q1A QY0AD

4MNaOH  &(ppm) -753 -82.1 -87.5 -925 -97.7 -103 -108.2 -113.2 1.85
Integral% 3.4 6.1 186 17.0 206 15.3 12.7 6.5

8MNaOH  o(ppm) -75.6 -34 -88.2 -932 -984 -104.1 -109.1 -115.5 1.78
Integral% 2.6 8.3 207 154 220 17.6 3.9 4.5

AMEKOH O(ppm) -80.5 -36 -90.1 -947 -994 -104.3 -108.8 -113.7 -121.2 2.03
Integral% 56 116 134 143 137 14.0 14.6 3.4 4.4

SMEKOH O(ppm) -72.1 -819 -§7.2 -91.5 -96.1 ~-101.6 -107.2 -111.9 -118.2 1.82
Integral% 2.8 8.6 17.7 164 18.1 13.6 11.5 7.2 4.1

Na-Sil O(ppm) -63.53 -32 -38 -928 -97.7 -102.6 -107.6 ~-112.7 -119.3 -138.6 1.87
Integral% 3.2 7.5 149 166 17.5 13.3 11.5 7.3 4.3 3.9

K-Sil O(ppm) -78.7 -846 -889 -929 -96.8 -101.2 -105.8 -110.4 -1159 -123.3 2.02
Integral% 4.3 9.7 134 121 124 12.8 13.6 12.2 6.5 2.6
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consistent with the high degree of disorder. However, with the extra soluble silicate in
activator, the formation of aluminosilicate would be accelerated as long as aluminate was
dissolved, which is in agreement with the relative high strength observed for these samples.
Also, though considering that the portion of aluminosilicate gel is calculated from the total
amount of Si, the extra Si atoms from the activator makes the proportion of aluminosilicate
gel appear smaller.

Comparing Na activator with K activator specimens, the chemical shifts of the components
show small changes, which indicate that differences in final product result from differences
in the alkali cation type. The change of chemical shift is small, being only about 2ppm,
which is consistent with changes induced by the presence of alkali cations in zeolites.
Besides, the spectra of K activators have poorly defined peaks, implying a higher degree
of disorder in the sample. K atoms have larger size than the Na atom, therefore lower
migration ability of K, so the K activator specimen cannot rearrange their structural
positions efficiently during reactions to lower energy states. Compared with Na activator

specimens, K activated specimens have lower content of aluminosilicate gel (both Al rich
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Figure 3.8: Fraction of Si rich gel and Al rich gel as a function of activator type
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gel and Si rich gel), which means that less reaction product is are formed with the K
activator. These factors can help explain the low strength of K activated fly ash.

When the concentration of KOH increase from 4M to 8M, the spectrum becomes narrow
and both Al rich gel and Si rich gel increase. The increase of Al rich gel is more than that
of Si rich gel, which means the 4M KOH activated fly ash is still in an early stage of
reaction. Compared with the concentration increases seen for NaOH activator, the increase
of Al rich gel is less than that of the Si rich gel, which corresponds to a later stage of
reaction. The K silicate specimens have the broadest lines in the six spectra, because of the
high degree of disorder induced by both K and the unactivated fly ash.

3.3.4 'H MAS NMR spectra

Condensation of the M-A-S-H gel releases water molecules, which migrate into the
hydration spheres of the cation. The hydration sphere of Na* contains 5.7-5.8 water
molecules whereas that of K* contains 6.9-7.0 molecules. So, in the K activator specimens,

more waters are constrained in the small pores in the gel, which hinders further
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Figure 3.9: *H NMR spectra of activated fly ash using (a) 8M KOH; (b) 8M NaOH
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polymerization. *H NMR spectra of 8M NaOH and KOH shown in Figure 3.9, both of
which have a central peak around 4.8ppm, correspond to hydrogen in H2O. The total
spectrum integrals, which are proportional to the number of protons in the sample and
normalized by the sample mass are also shown in Figure 3.9. The KOH activated specimen
has approximately 30% more water than the NaOH activated specimen, which confirms
that K tends to constrain more water, thereby affecting the polymerization process.

3.3.5 2’ Al MAS NMR Spectra

The 2’ Al NMR spectra are shown in Figure 3.10. For the initial fly ash, the spectrum is
composed of two broad lines at about 50ppm and Oppm, which correspond to four and six
coordinate Al with a high degree of disorder. Five coordinate Al may also exist in the initial
fly ash, with its line obscured by the broad 50ppm line, so it is hard to distinguish. In
activated fly ash, the common feature of 2’ Al NMR spectra is that they have a relatively
narrow line at 57ppm and a broad line at around Oppm. The 57ppm line is four coordinate
Al in activated fly ash and is narrower than that of the initial fly ash, representing the
formation of a structure with lower degree of disorder, thus supporting the views of the
dissolution and formation process in the activation of fly ash. The Oppm line is six
coordinate Al, from the undissolved fly ash. We can surmise approximately from the Oppm
line intensities that the specimens formed using silicate activators have more Oppm residue,
thus undissolved fly ash, than those formed using hydroxide activators. This phenomenon
validates our surmise that alkali hydroxide activators have stronger dissolution ability in
fly ash, because of high level of alkalinity. Also, the narrowest 57ppm line of the specimens
in Figure 3.10, belonging to the 8M NaOH activated specimen, should represent the most

highly ordered structure, which is consistent with our results from 2°Si NMR spectra.
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Figure 3.10: YAl MAS NMR spectra of (a) the initial fly ash; (b) fly ash activated
using 8M KOH; (¢) fly ash activated using 8M NaOH; (d) fly ash activated using
Na-Silicate; (e) fly ash activated using K-silicate
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3.4 Conclusion

Fly ash based geopolymers were synthesized using two different concentrations (4M and
8M) of NaOH and KOH, and Na and K silicates of Ms=2.0 as activators, and subjected to
thermal curing. MIP and NMR were used to characterize the pore- and molecular-structure
of the reaction products.

In the alkali hydroxide system, the 8M NaOH activated fly ash demonstrated the highest
compressive strength, which can be attributed to highest content of aluminosilicate gel and
lowest total pore volume. The highest content of aluminosilicate gel is validated by MIP
(largest volume of pore with size in range of 0.0036 um-0.05 um) and NMR (highest
amount of Q*(mAl) gel). The K-based systems have pore volumes similar to Na-based
systems, but different pore size distributions, having more volume with size>0.2um and
less volume with size in range of 0.0036 pm-0.05 um. Also, the 2°Si NMR spectra of the
K-based systems show a high degree of disorder. Both results explain the comparatively
inferior properties of K-based system. More water molecules are constrained in the pores
of the K-based systems because of more water in K* hydration sphere. These excess waters,
as evidenced by the *H NMR spectra, interfere with the polymerization process, providing
another reason for the reduced reaction product formation and compressive strength.

In the alkali silicate system, less fly ash is dissolved than in alkali hydroxide system,
because of lower alkalinity, which is validated by 2’ Al NMR spectra. The more unreacted
fly ash leads to a higher degree of disorder in the final product, which can be observed in
29Si NMR spectra. The soluble silicate in the activator accelerates the reaction, therefore
more pore volume with sizes in the range of 0.0036 um-0.05 um was observed. So
activated fly ash using alkali (Na/K) silicate has strength between that of 4M and 8M alkali

(Na/K) silicate but a higher degree of disorder.
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CHAPTER 4

SUMMARY &FUTURE WORK

One kind of new material Gd(DTPA)-intercalated LDH nanoparticles in water suspension
has been successfully synthesized. This new material can have higher relaxivity than
Gd(DTPA) in solution, which is a commercial contrast agent in wide use. The relaxivity
of Gd(DTPA)-intercalated LDH depends on the crystallinity of the NPs, their particle size,
intercalation percentage etc. A series of experiments were conducted to find samples with
as high relaxivity as possible and to investigate the mechanism of relaxivity in the NPs.
The results show that the material’s relaxivity is not sensitive to particle size when the
particles have a large diameters (500nm-800nm), because the NP’s rotational correlation
time contribution is too long to affect the total NMR correlation time for proton spin
relaxation. But samples with lower crystallinity and lower intercalation percentage have
higher relaxivity, because this situation is favorable to water exchange. Thus, the
enhancement of relaxivity is partially attributed to long rotational correlation times of NPs
but restricted by the long exchange correlation times of water molecules.

Particles with smaller size (200nm-500nm) will be examined. In that range, rotational
correlation time may have distinct effects on relaxivity and therefore help towards
understanding the relaxivity mechanism of LDH NPs, also in developing materials with
higher relaxivity. In addition, relaxivity could be enhanced by intercalation of other Gd
chelates with faster inner water exchange, like Gd(EGTA).

In the work on cementitious materials, the properties of alkali activated fly ash were studied,
including pore structure and NMR spectra. The results show that higher alkalinity of the
same type of activator leads to higher dissolution of the starting fly ash material and to
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more aluminosilicate gel formation, therefore higher strength of the final product. The Na
activator has higher efficiency than the K activator. With extra soluble silicate added in the
activator (Na/K silicate) less fly ash was dissolved but the soluble silicate could accelerate
the formation of aluminosilicate gel, leading to relatively high strength (for example the
sample using 4M alkali hydroxide) of the final product.

More NMR studies will be conducted on alkali activated fly ash, slag and the mixtures of
these two starting materials, to investigate the process of alkali activated reaction and the
compositions of final products, therefore helping optimizing the development of alkali

activated cementitious materials to replace ordinary Portland cement.
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