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ABSTRACT

Nuclear magnetic resonance is one of the most powerful techniques in
investigating the structure and dynamics of molecular systems in many fields, In this
thesis solid state NMR is used to study problems in mineralogy.

The formal quantum mechanical theory of quadrupolar interactions is
discussed in detail from first principles. Equations to calculate quadrupolar shifts of
all the transitions are derived. The principles and techniques of magic angle spinning
(MAS), double-rotation (DOR) and dynamic angle spinning (DAS) NMR are
discussed and their advantages and limitations are compared.

MAS, DAS and DOR NMR are used to study the local atomic environments
in tugtupite, Nag[Al,Be,Si;0,,](CLS),. The structure is found to be exceptionally well
ordered with only one Si, Al, Na and Be environment. The quadrupolar parameters
C, (quadrupolar coupling constant) and # (asymmetry parameter) of ®Na and “Al
were obtained by a comparison of a computer simulation of the MAS central
transition line-shape at two different fields with experimental results and the results
are verified in two ways.

A1 DOR NMR spectra of the alumino-silicate polymorph minerals, kyanite,
sillimanite and andalusite, show separately resolved peaks for the first time, relating
to the crystallographically non-equivalent sites. The isotropic chemical shifts are
calculated from the observed peak positions and they correlate closely with those

found previously by simulation of MAS NMR spectra. The intensities of the four

H



non-equivalent sites in kyanite are found to have an exponential relationship with
their corresponding quadrupolar coupling constants (Cp).

DOR NMR at 8.4 T, MAS NMR at both 84 T and 11.7 T are applied to
P®Na and Z’Al nuclei to study cation ordering in the scapolite mineral series.
Different ways of fitting peaks to the spectra have been done to investigate the

possible explanations.
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(CE IN SOLIDS

1.1. INTRODUCTION

About fifty years ago the phenomenon of nuclear magnetic resonance (NMR)
was discovered independently by F. Bloch and E. M. Purcell in the United States of
America.""!  Since then the NMR techniques have developed dramatically,
especially after the early 1970s when R. Ernst and W. A. Anderson invented pulse
Fourier Transform (FT) NMR."*1 Now NMR is one of the most powerful tools in
investigating the structure and dynamics of molecular systems in chemistry, bio-
chemistry, physics, material sciences, medicine, pharmacy, agriculture and mineralogy.

The objective of this study is to investigate the applicability of the newly
developed double-angle techniques of double rotation (DOR)" and dynamic-angle
spinning (DAS)"* NMR for quadrupolar nuclei in alumino-silicate minerals.

This thesis is divided into six chapters. Chapter one explains the general
theory of solid state NMR and the importance of the new techniques, DOR and
DAS, for quadrupolar nuclei in solids. In chapter two, a formal quantum mechanical

treatment of quadrupolar interactions is discussed in detail, including the first- and



second-order perturbation expansion and formulae to calculate the quadrupolar shifts
in different strengths of the magnetic field. Chapter three contains the basic
principles of magic angle spinning (MAS), DOR and DAS NMR and some practical
experimental details.

In chapter four, a well-ordered mineral, tugtupite, is used to evaluate the
utility of MAS, DAS, DOR and variable temperature MAS. Quadrupolar parameters
are obtained through simulations of the MAS lineshape at two magnetic fields and
the problem of chemical shift distributions is discussed. Chapter five describes the
application of DOR NMR to Al in the alumino-silicate polymorphs. The peaks due
to different Al environments are resolved for the first time and the isotropic
chemical shifts are calculated. In chapter six, Al/Si ordering in the scapolite mineral

series is examined using DOR and MAS and some new results are presented.

1.2. PRINCIPLES OF NUCLEAR MAGNETIC RESONANCE

Each element in the Periodic Table has at least one isotope which has a non-
zero nuclear spin and a concomitant magnetic moment. When such a nucleus is
placed in a magnetic field, By, its magnetic moment will interact with the magnetic
field and attain a series of Zeeman energy levels. The Zeeman Hamiltonian of this
interaction is®®

Hyeemn = - Y1 B, (1.1)

where v is the magnetogyric ratio of the nucleus, h is the Planck constant, B, is the



strength of the static magnetic field. In the laboratory axis system (LAS) the z-axis
is vertical and the x- and y-axis are in the horizontal plane. By is along z-axis in LAS
and I, is the projection of the nuclear spin I along the z direction.

When the nucleus is in the magnetic field, the nuclear spin undergoes a
precession about B, The precession frequency is called the Larmor frequency (w,):

o = yBy (1.2)

The Larmor frequency of each isotope of the nucleus is different and as there
is rarely overlap between frequencies, it is possible for isotopes to be investigated
separately. The nuclear spin has a magnetic moment, u.

A pulse of radio-frequency radiation at the Larmor frequency is generated by
a small, time-dependent, magnetic field, B,, which lies along the x-axis in the LAS.
When this pulse is applied to the sample, the magnetic moment of the nuclear spin
tips with respect to B,. The tip angle () is proportional to the strength and duration
(t) of B;:7

= vBit (1.3)
If 0 is equal to 90°, the magnetic moment is rotated to the y-axis.

After the r. f. pulse is turned off, the magnetic moment of the nuclear spin
dephases in the x-y plane (T, relaxation) and returns to the z-axis (T, relaxation).
The precession of the magnetic moment during dephasing in the x-y plane is
recorded as a function of the time to give a free induction decay (FID). The FID
is then Fqurier-transformed from the time domain to the frequency domain to give

the NMR spectrum.



The major NMR interactions are Zeeman (H,), dipole-dipole interaction
(Hpp), chemical shift shielding (Hc), J-coupling (H;) and quadrupolar interaction
(H:™

H.. = H, + Hyp, + Heg + Hy + Hy (1.6)
Hyy, is the interaction between the dipoles of two nuclear spins. It depends on the
magnitude and orientation of their magnetic moments and also on the length and
orientation of the vector describing their relative positions. It is independent of the
applied magnetic field strength.!'#
Hgs is the screening of B, at the nucleus by the surrounding electrons. It consists of
a scalar isotropic value and a traceless anisotropic tensor, which is called the
chemical shift anisotropy (CSA). The elements of the tensor depend on the
orientation of the electrical charge distribution around the nucleus. The magnitude
of He is proportional to the applied magnetic field strength.!'*
H; is the indirect coupling of two nuclear spins through the mediation of surrounding
electrons. This weak coupling is important in liquids and is usually too small to be
observed in solids. Like dipole-dipole interactions, it is also independent of the
applied magnetic field strength.!'®
H, only exists for nuclei with spin > 1/2. It is due to the electrical interaction
between the non-spherical, symmetrical nuclear electric charge distribution and the
electric field gradient at the site of the nucleus. It is independent of the applied
magnetic field strength, %

These interactions all depend on the local chemical environment of the



nucleus. NMR can be used to measure these interactions and gain information about
structure.

The chemical shift (8) is the difference between two resonant frequencies,
measured in parts per million (ppm) of B, with respect to a reference signal (pg).!"

6 = (v, - vp)/ 1y (14)
where »; is the Larmor frequency of the peak; », is the Larmor frequency of the
reference. For 7Al, the reference is AICLina 1 M aqueous solution; for ®Na, it is
NaCl in a 1 M aqueous solution; for *Si, it is tetramethylsilane (TMS). If all the
nuclei are completely relaxed, the areas under the peaks gives the relative
populations of the nucleus at each magnetic environment.

The detectable NMR signal intensity is proportional to the population
difference (p) of two adjacent energy levels and at room temperature, it is given by
the equation:-

p & pBy/kT (1.5)
where p is the difference in population density; p, is the z-component of the nuclear
magnetic moment; k is the Boltzmann constant; T is the sample temperature in
degrees Kelvin.

Because of the small value for u, at room temperature, p,B, is much smaller
than kT and NMR signal sensitivity is very low. For 'H, which has the second largest
p of all isotopes, ,Bo/kT is only about 10° for a B, of 1 T (Nucleus *H has the
largest p). Factors affecting the NMR signal to noise ratio (S/N), include magnetic

field strength, sample temperature, and sample volume.



One way to solve the problem of low sensitivity is to increase the magnetic
field strength. NMR spectroscopists refer to magnetic field strengths by the Larmor
frequency of 'H at that particular magnetic field strength. The largest stable
magnetic field is 750 MHz (or 17.6 T).

Another way is to collect and add a large number (N) of FID’s before Fourier
transformation. As the signals are added in phase and the noise is not, the signal to
noise ratio can be improved by a factor of N¥2"" 1In pulsed Fourier Transform
NMR, one RF pulse can usually excite all the magnetic non-equivalent sites of
interest, but between each experiment one has to wait long enough (3 to 5 times T,)
to let the system fully relax and reattain equilibrium. Therefore, for a nucleus with

a slow relaxation, the total experimental time can be long.

1.3. SOLID STATE NMR

In liquids rapid random motion of molecules, such as Brownian motion,
averages anisotropic dipole-dipole, quadrupolar, chemical shift, and J-coupling
interactions. The resulting high resolution spectra yield isotropic chemical shifts and
scalar J-couplings.!”

In solids, the situation is different, as the atoms are located in a rigid
structure. If magnetic nuclei are adjacent, it will result in strong homonuclear and
heteronuclear dipole-dipole interactions (Hy,). These interactions are independent

of the crystal orientation and they cause rapid transverse relaxation (T,) and thus



large homogeneous line broadening.

Chemical shift and quadrupolar interactions are orientation dependent.
Individual grains of powdered samples have random orientations and each
orientation corresponds to a peak. The overall result of all possible orientations in
space causes the overlapping of the numerous peaks and thus substantial line
broadening.

In summary the anisotropies of chemical shift, dipole-dipole and quadrupolar
interactions cause broad peaks and low resolution spectra of powder samples of
solids.

Often the peaks in solid state NMR spectra are broad and overlapped so that
they form featureless peaks, which makes it difficult to tell the number of
magnetically non-equivalent sites.

‘The technique of magic angle spinning (MAS) can be used to average these
anisotropies and improve resolution.!”! A rotor containing the powdered sample is
spun around an axis at 54.7° with respect to B,. If the sample spinning speed is
much larger than the static peak linewidths, dipole-dipole interactions, the
anisotropies of Hcs and first-order H, can be totally averaged to zero;*¥ If the
spinning speed is less than the width of the anisotropies, the spinning will modulate
the anisotropies and give spinning side bands. At present the maximum spinning
speed is about 20 kHz. For most spin-1/2 nuclei this speed is fast enough to average
Hy,, and Hes and result in high resolution spectra, but for some nuclei, such as 'H,

the homonuclear dipole-dipole interactions are so large that peak linewidths in static



NMR are about 50 kHz. Even high speed MAS is not efficient to average them and
numerous spinning side bands are present.!

A pulse sequence, called WAHUHA,"' will flip the nuclear spins very
quickly in spin space to average homonuclear dipole-dipole anisotropies. The pulse
sequence is made up of numerous 90° pulse with a phase shift between them. One
data point is acquired at the end of each cycle of the pulse sequence. Both the pulse
length and the delay between the pulses are so short that the resuit of this is to make
the nuclear spins rotate quickly around the axis of 54.7° with respect to B,. Strong
dipole-dipole interactions can be efficiently averaged. The combination of this
technique with MAS can achieve high resolution NMR spectra even with large
dipole-dipole interactions.!'!!

In an NMR spectrum of a powder there are usually several peaks. Each peak
represents a non-equivalent local magnetic environment. The linewidth shows the
size of dipole-dipole interactions if there is no other reason for broadening,"®

The lineshape of a peak is due to the powder pattern of CSA and anisotropy
of quadrupolar interaction. The lineshapes are sensitive to the parameters of CSA
and quadrupolar interaction. If a set of these parameters is selected and the
orientation of a single crystal is known, the nuclear resonance frequency of the peak
can be calculated. A powdered sample is made of many small crystals oriented at
random. The powder pattern with a certain lineshape can be calculated if the

parameters of CSA, quadrupolar interaction and the Euler angles, which are used to

transform the principal axis systems between them, are known. Comparison of the



calculated lineshape with the NMR spectrum can verify if the parameters are correct.
1.4. SOLID STATE NMR OF QUADRUPOLAR NUCLEI

For nuclei with spin > 1/2 in solids the main broadening mechanisms are the
first- and second-order anisotropies of quadrupolar interactions as these are usually
much larger than other interactions, except the Zeeman interaction.

The quadrupolar interaction can cause very efficient relaxation and usually
this is the dominant mechanism for relaxation for spin > 1/2 nuclei in solids."* The
short relaxation times can broaden the NMR peaks. As quadrupolar interactions are
orientation dependent, the random orientation of grains of powdered samples cause
multiple overlapping peaks, giving broad lines.

Pulse sequences, such as WAHUHA and MREV-8, and MAS are not efficient
in averaging quadrupolar anisotropies and not practical, as the very short relaxation
time of quadrupolar nuclei does not allow time for the multiple pulses before the
signal decays. MAS can only average the first order quadrupolar interactions, !4t
For quadrupolar nuclei, such as ®Na, ¥Al, "0, "B, the quadrupolar interactions are
usually so large that second-order perturbations, which remain under MAS, cause the
overlapping broad peaks.

Recently two kinds of double angle techniques, double-rotation (DOR) and
dynamic-angle spinning (DAS), have been invented to solve this problem.! '3 They

can both average the second-order quadrupolar interaction anisotropies of non-



integer quadrupolar nuclei. They can also average dipole-dipole interactions and

CSA’s. This greatly improves the resolution of the spectra of quadrupolar nuclei.
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In chapter one the classical pictures and general principles of NMR are
introduced. This classical description (nuclear spin precession) is only useful for
describing the NMR phenomena of non-coupled spin-half systems. For quadrupolar
nuclei, guantum mechanics is needed to explain the observed behaviour. Therefore,

a formal quantum mechanical treatment of quadrupolar nuclei is discussed in detail.
2.1, QUADRUPOLAR HAMILTONIAN

Quadrupolar nuclei have non-symmetrical nuclear charge distributions in
space. If the surrounding electronic potential is not homogeneous, there will be an
electric field gradient at the centre of the nucleus. This will cause quadrupolar
interactions to occur. The interaction energy, E, of a nuclear charge with an external

local electric field potential, V(x,y,z), is:?"

E = [p(cy,) Viry)ds | 2.1)
where p(x,y,z) is the charge distribution density of the nucleus and dr is the volume
element and equals dxdydz. The integral is over all space.

If the potential, V(xy,z), is expanded about the origin in terms of spatial

13



variables and substituted in equation (2.1),

E = E(O) + E(l) + E(Z) P

1 (2.2)
= W(0) f pdr + fzu V0x,pds + > fzm V, Oxx5pdt + - - -
where x, or xg (o, § = 1, 2, 3) stands for x, y, z and
_ Vxyz _ Voyo)
V.(0) = %_hm_ﬂ V,50) = _ax"?a)';:"w* . (2.3)
o o

E® in equation (2.2) is the electrostatic energy of the nucleus taken as a point
charge, which is a constant. E® is the electric dipole term. As all the nuclei have
definite even parity (or inversion symmetry),”" p(x,y,z) is equal to p(-x,-y,-z). In the
same term, V(0) is a constant and x, has odd parity; therefore, the integral over the
whole space of this term is zero. E® in equation (2.2) is the electrical quadrupolar
term (eQ: nuclear quadrupolar moment).

Conventionally, the quantity, eQ,, is defined as:

€Qup = [(Br2y - 8, plry2)dr . 2.4)
When o equals 8, 8,4 is 1; otherwise, it is zero. Rearranging the expression in terms

of Q.4's, gives:

f x, X p(xy,0)dr = %[eon,p + f 8o’ pxy.0)dl . (2.5)

Substituting the above term into E® in equation (2.2), gives:
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E(Z) } %Zm,ﬁ [Vaﬂ(o)eoaﬁ * uB(O)Baﬁ rzp(x’y’Z)d‘E] ’ (2'6)

There are two coordinate systems used to describe the quadrupolar
interactions: the laboratory axis system (LAS) and the principal axis system (PAS).
Generally, they do not coincide.’ In the LAS, the z-axis is along the direction of
the applied static magnetic field B,. The PAS is chosen so that V,, is diagonal: V,
=0,4' Voo As there is no electronic charge at the nucleus, according to Laplace’s

equation,®? V_; is traceless:

VWxyz) = 0 Y Vealay2) = 0. 2.7)
In equation (2.6), the term § r’p(x,y,z)dr for the nucleus is a constant. Using
equation (2.7), this term becomes zero. The higher order terms, such as E®, are
much smaller than E® in equation (2.6) and are not considered here. Thus, the first
term in equation (2.6) is the only non-zero component of the quadrupolar coupling.
To obtain the quantum mechanical expression (Hy) for the quadrupolar
coupling, the classical coordinates, x, y, z, and the distance, r, are substituted by their

quantum mechanical operators although their forms remain the same:

_ 1 )
Ho = =35 VertQes (238)
leg’) = ezk (3%, - Buﬁrf). (2.9)

The superscript (op) in equation (2.8) and (2.9) may be used to represent the

quantum mechanical expression. The summation is over the protons (k) in the
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nucleus, each with a charge, e.

To begin a quantum mechanical treatment, the first step is to select an
eigenstate for Hy. Here we choose [Im{> so that Hy|Im¢{> =E_ [Im¢>. T is the
total spin angular momentum of the nucleus; 'm’ is the eigenvalue of the z-
component of the total spin angular moment, an integer between -I and +I; ¢'is a
set of other quantum numbers which do not affect the nuclear spin; E,, is the
corresponding eigenvalue of H,. Applying the extension of Wigner-Eckart theorem

to Q,4?, gives:?4

11 + 17
Umi ey, Bxxy - 8, rmlInl) = (Im([(s-f-f’—z_fl_“ - 8,41 [1n7)c(2.10)

where C is a constant for all values of m, n, « and 8. In order to calculate C, set m

=n =land o = § = z and define eQ, the quadrupolar moment:

eQ =]}, Bz, - )|

—CUR |31 - I2|I) (2.11)
=CI2I - 1)
From equation (2.11), (2.10) and (2.9), gives:
. __Q (2.12)
121 - 1)
H + I1) -8 .I%. 2.13
e 6[(21 1 a1 - 12w “'*( o) = Sl *13)

In the PAS, by using the traceless and diagonal properties of V,,; and substituting I?

=12 + I’ + L into equation (2.13):

16



- e 2 _p - 2 2.14
Ho = qio1 —pV=Ck ~ 1) + Va - VO )} (2.14)

According to convention, the axes of the PAS are chosen to satisfy:**

V.2V, 2V,.

Another two symbols, g, the field gradient, and », the asymmetry parameter, are
defined as:

q=V,/e 1= (V- V,))/ Vs . (2.15)

n has a positive value between 0 and 1. Finally, the effective quadrupolar

Hamiltonian in the PAS is:

. _£Q a2 p 2 _ 2.16

2.2, FIRST-ORDER PERTURBATION EXPANSION OF QUADRUPOLAR
INTERACTIONS IN A STATIC MAGNETIC FIELD

2.2.1. Quadrupolar Hamiltonian in the LAS as Spherical Tensor

An alternative way of expressing the Hamiltonian is to use the Cartesian

tensor. It can be shown that Hy, in equation (2.16) is the same as:
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e’Q
=¥ tai (2.17)
e 22I-1 1

q is the electric field gradient. It satisfies: VVV = eq and is a second-order tensor;
iis a first-rank tensor (a vector). In the PAS, q is traceless and diagonal:
G + Gy + Q =0 and g5 = 6,4' V.
It is possible to transform H,, from PAS to LAS using the spherical tensor
form of Hy. The general formula for transforming the above quantity I'q-T to a

spherical tensor is:®

Iql =3y, 3 (CD¥CALLmm MqPremrem (2.18)
where g™ and I™ are the second- and first-rank spherical tensors, respectively.
C(11L;mm’M) are the Clebsch-Gordan coefficients, non-zero condition when
m+m’=M. The relationships between the first-, second-rank spherical tensors and

their Cartesian representations are as follows:

IO = _i[+ = —i(lx+i1y) JASU = __1~]_ = i([x_ijy) 71O = Iz
V2 V2 2 2

% =--l—(qn+qyy+qa) % =ii(q,,~qyx) d?ﬂli[qyz—qzyii(qu-qn)]
V3 V2 2

(2.19
1 1 j L ‘
000,00 4D 0] 087100 )

/6

In the PAS, using the definition: q,, = q and # = (g, - q,,)/q., we have:
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3
a> = 1/2——4 g? =0 ¢2 lq (2.20)

It can be seen that g%, q, and q,,® are all zero. Thus, in equation (2.18), we can
set L = 2. In C(11L;mm’M) there are only two independent parameters, m and nv’.

Defining a new term: c(m,m’) = +/6-C(11L;mm’M), gives:!®

[2+@n+mH2 -(m+mH]! 2.21)
A +m1-m!A +mH A -mH

c(mm?) = J

mm =-1,0, 1

By substituting the above into equation (2.18) and noticing that ¢(m,m’) = c(-m,-m’),

we have;

Iql=— Z -0 c(mmhg I
=1
«1
I Y D e(mmhg . 1o
\/_ —m =1
LS o emmhg® e

V6 -1

The quadrupolar interaction Hamiltonian in the PAS is:

H,- e’Q Z D™ cmm g @ pempe) (2.22)

V621Q21-1) =1

Consider the Cartesian form of the scalar term I-g-1in equation (2.17). Inthe
LAS (x,y’,z’), it retains the same form: I'q*-I';*” @’ is still traceless but no longer

diagonal and vector I’ is: (I,,I,,I,). Using the same procedure as equation (2.17)
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to (2.22), we can transform the Cartesian expression, I''q*I’, to its corresponding
spherical tensor form. The spherical tensor form of H, in the LAS is the same as

that in equation (2.22).

H,- D™ e(mmq"® 1y, (223)
N3 21(21 1),,,;2;-1

The transformation from the LAS (x’,y’,z") to the PAS (x,y,z) is a consecutive
rotation ), = (a8, Where oy, 8, v, are the rotational Euler angles (Fig. 2. 1).
The D-matrix is used to transform the spherical tensor from the PAS to the LAS.
One important property of the D-matrix is as follows:?*

D, 2'(®) = (-1)™D,,. (@) . (2.24)
Here we want to represent q’,? in terms of q,” and the D-matrix. Using the
property of spherical tensors under rotation, noticing ¢, = q,® and the non-zero

condition for q,? is that n is even number, we have:

2
(2) @)= _ R+ (2) 2)
o <Y g @)-% 1 "g®D® Q)

R,—F—-m

n (2.25)
=):2(—1)"'"“’ 95D, Q)= 22( ""q, D, AQ)
n=- = -

Substituting the above into equation (2.23), the quadrupolar Hamiltonian in the LAS

can be expressed as:

e’Q ? p® KAm)y Kem'y
H = —= E E c{m,m ’)q D~ AQ)™I Kem), (2.26)
© SRUCI-1) gy n2 e

In order to simplify the notations, we use the quantities without the prime to
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denote the components of the spherical tensor in the LAS. Equation (2.26) is further

simplified and made useful for applications by defining the dimensionless quantities:

q(:’.) qu) 1  ifn=0
q = .L = _—L_ = 0 I:fn=i1 (2.27)

9> V824 )6 if n=x2

and the quadrupolar angular frequency

_ 3e’qQih (2.28)
v 7 200I-1)

Finally, the quadrupolar interaction Hamiltonian in the LAS as spherical tensor form

is as follows:

R AR

ho ! 2
@ m
H, = 64 Z;: Z c(mmn’g.D ,(Qq)I('")I( 2] (2.29)

mm=-1 p=-2

2.2.2, The First-order Perturbation Expansion

For modern FT-NMR the static magnetic field is very strong and the Zeeman
energy is usually much larger than quadrupolar interactions. Nuclear quadrupolar
interactions can be treated as perturbations of the Zeeman energy. In other words
the nuclear spins are still quantized along B, or the z direction of the laboratory
frame and the eigenstates for the new Hamiltonian, including quadrupolar
interactions, are the same as those for the Zeeman interactions. Although this

approximation does not hold when the quadrupolar interactions are of the same
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magnitude as the Zeeman energy, in the following discussion the approximation is
assumed to be valid.

For the first-order expansion there are only diagonal terms and m+m’ is
always zero. Using equation (2.20) and equation (2.21), we find ¢(0,0) = ¢(1,-1) =

¢(-1,1) = 1 and

1
3 cmm!Y<M|I™I™) | M>

mum!=-1m+m’=0
=c(0,0)<M|LL|M> —%c(l,—1)<M|I+I_ |M> -_zl.c(—1,1) <M|II|M>
=2M2—..21.(1(1+ 1)-M(M + 1))-%(1(1 +1) ~M(M - 1))
=3M? - I(I+1)

(2.30)

where |M> is the eigenstate of {I* & L}.

I |M> = JIT+D) -M@M=1) |M1>, (2.31)
According to perturbation theory, the first-order quadrupolar energy level shifts are

given by the matrix element of the quadrupolar interaction H, between their

eigenstates:

ED

<M|H |M>

ho ! 2
— ¥ ¥ cmmhe,DR@)MIPITM> )

6 w ' =—1mem’=0 n=-2

h 2
- -8 Y g, 0%0)

| 2
n=-2

The resonance energies of transitions between adjacent levels in the spin manifold

(remember that M =1 is the lowest Zeeman state) are shifted by the amounts:
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AEOWM-1-M) = -(M-1/2)he Z q,D5(Q)
n=2 (2.33)

[

D3(0)-= J— Sin2p e ™ DR(Q)= ,J_ =Sin2B,e*™  D{3(R,)=(3Cos*p - 1)/2

(2.34)

Substituting the above into equation (2.33), gives:
2AEDM-1-M) = —-;—(M-%)ﬁ ©,[(3Cos?B, - 1) +nSin?p Cos(2y ). (235)

If M=1/2 in the above equation, we find that aAE®(-1/2«1/2) becomes zero.
Therefore, the transition from -1/2 < 1/2 is not affected by the first-order
quadrupolar interactions and the central transition of half-integer quadrupolar nuclei

has a much narrower linewidth than those of the other transitions.

2.3 SECOND-ORDER QUADRUPOLAR INTERACTION EXPANSION
According to the second-order perturbation theory, the second-order

quadrupolar interaction is:#

2
2B =y M ] (2.36)
neM E(O) E(O)
A
EM:(G) = - thl
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where «, is the Larmor frequency of the nucleus in radiant. For n » M, the only
non-zero terms of <M|H |n> are:
<M|H,|M-2> <M|H|M-1> <M|H|M+1> <M|H[M+2>,

Now we can define four factors C,, C,, C; and C, as follows:

C, = | <M|IIP M +2> |2 = (1/4)[II1+1) - M+2)(M+ DJ[I(I+1) - M+ 1)M]
C, = | <M|I*PI*Y|M-2> |2 = (1/4)-[II+1) - (M-2)(M-DJ[II+1) - (M-1)M]
Cy = | <M|IPIO+TOID | M+1> |* = (1/2)-[II+1) - (M+ D)M]CM+1)?

C, = | <M[IFV[O4IO1¢D | M-1> |2 = (1/2)[IT+1) - (M-1)M](2M-1)% .

Also:  c(LI)=c(-1,-1)= /6 ¢(1,0)=c(0,1)=c(-1,0)=c(0,-1) = /3, we have:

From equation (2.29) it can be seen that:

|<M|H |M+2> 2 = C( ‘1)2 ¥, C(-1,-1)g,DZy) "

to (ﬁ )2 (2.37)
2
=C, 364 |C<—1,—1)|2|}:,,q,,Dflz(nq)i =C 3, 4,001
similarly,
(ho )
[<M|H |M-2>*=C,—<~|¥" q,D3(@)I’
|<M]Hq[M+1>]2=C( L GnDaa(Q)
( (2.38)
|<M|H |M-1>*=C, D3

By defining two other coefficients, A and B, in the following, using equation (2.24),

it can be proved that:

24



A=Y, 4,0,
2 .
=D ! 4,4,D; Ez(gzq)oﬁ)_z(g D (2.39)

=Y. 44 Dos@)D% (@)
Making the change n— -n and n’~ -n’ and noticing that q, =q,, g, =q., the above

equation is simplified to:

4= 5 0tuDa; @YD (0)

2 (2.40)
= 122 2,D(Q) I

Therefore, the angular-dependent part of <M|H,|M+2> is the same as that of

<M|H,|M-2>. The same is true for B:

B

i

3, 6D (2.41)
I3 q,D3@)

The summations of n and n’ in the above equations (2.39), (2.40) and (2.41) are all -

2, 0, 2. Thus, from equation (2.36):

@ |<M|H |M-2>> |<M|H [M-1>]> |<M|H_|M+1>|* |<M|H |M+2>]?
Ak (o)q o <0)q o (o)q o (0)q )
EM ! EM "EM-1 EM T EM ‘Eufz

L (< B, 25~ <M -2 LM 1 01> - <M, 101>
Wy

2hw,
1 (hoe)?
= - CA-CA+CB-CB
(2.42)
From the definitions of C,, C,, C; and C,, it is found that:
C, - G= M2M*+121(1+1)] G, - C,= M[4I(1+1)-8M*1] ; (2.43)
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therefore, substituting the above into equation (2.42), gives:

2
AEQ = -—ﬁqu [@M?+1-2II+1)A + (AKI+1)-8M*-1)B].  (2.44)
,

Changing, M - (M - 1), gives:

hwiM-1
NV —wii(;g——)[(z(M—z)2+1-2I(1+1))A + (@II+1) -8(M-1)* -1)B].
I

AE&I - AES)

he?

o [(-6M+6M -3 4210+ 1A + (24M*-24M +9 ~41(+1))B]
@

AEQM-1-M)

(2.45)

Considering the special case of the central transition (-1/2 < 1/2), M = 1/2:

2
I}coq

@ 1.1y 23 _
AE(-2 ) 120}1{(21(1+1) A + (3-41U+1)B]
2

= 2 ey -3y -28)
6(01 4

(2.46)

Using the known expression for the D-matrix,?¢

Dg{zcgq)=%(1iCoqu)2ei‘2“«*2’«’ Dgfl(nq)q%aiCO.qu)s;'nﬁqe““«*z*«’

3

Dy(Q,) =\[§ (SinP)e"e DR =~ 3 Sin2p e’ (2.47)

the quantity (A - 2B) is:
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A - 2B = F(x )(Cosp)* + Fy(y)(CosB)* + Fy(y) (2:48)

where

27 9 3 2
Fr) = 5 - =lCos(2y,)) + —8; (Cos(2y )Y’
15 ‘i|2 31]2
Fz(y ) = - o+ 4 :Zn('os(‘z-vq) - __(( 'os(:ZYq))z

3 P 302
Ft) = 5 - 3 + 7Cos2v) + Z1-(Cos(2y))?

It is interesting to notice that angle «, is not present in either equation (2.48)
or (2.35) though the Euler angle set («,, 8, v,) is used to perform the transformation
from the PAS to the LAS. The orientation of the PAS z-axis in the LAS can
therefore be described by two polar angles, 8, and ;. The energy of quadrupolar
interaction is quantized along the z-axis in the PAS. Therefore the quadrupolar
perturbation is only determined by the orientation of the z-axis of the PAS or the two
angular parameter §, and v,, independent of o,

Under an isotropic, dynamical averaged system, such as in a liquid, we have
to integrate 8, and v, over all space. That is:

ﬁmi

@1 1y _ @0 vy _ 331 pampm ; 2.49
(aEg (7 2))0 6%[1(1 D - 21 fo fo (A-2B)Sinp ,dB dy,. (249)

Using the results:
2x _ 2= 2 _
fo Cos(2y)dy, = 0 fa (Cos(2y ))*dy, = ©

gives:
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(2.50)

Wl

[J'(Cosp )t sinp,dB, = £ ["(Cosp Y sin,dB, -

1 2R = _ . _ _1 Y]z 251
=)o JJ @ - 2Bsing dp dy, = OB (251)

Therefore the isotropic second-order shift of central transition of quadrupolar

nucleus is:

11
(aEP(-2-2) s
2 2 2
5, 0~ prany-3y. 1) (252)
f.rco, 30(01 4 3

Generally, we have to find the expressions of A and B, and use equation
(2.50) to calculate the isotropic second-rank shift for non-central transitions. From

the known result of second-order D-matrix, we have:

- 1 Qa2 2 2 4
A= EIQ 81541 Cos2y +170"(Cos2y )°1(CosP )
+ —1—1—2—[ ~9+1012+241 Cos2y .~ 1Tn*(Cos2y J(CosB )

s 5%[9 ~8n2+6nCosy+17nX(Cosy Y ~2nCos2y . B (Sinp, )

B=-1po +n2-n%(Cos2y )*)(Cosp )* + E{9+n2—211Z(C'a's‘Z*{q)zl(C'DSISQ)2
6 6 (2.53)

2
+ %(Cosyq)z -1 Cos2y,CosB (Sinp )

Using the same integral as mentioned above, we have:
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2 : 1 2 2% . 1 2
<A>0=f0 ﬂfOnAsmﬁququq:-S-(lJr%—) <B>»0=f0 fOKBSmBquqdyq:g(hﬂg_)

(2.54)
Thus, the isotropic second-order quadrupolar shift for all single quantum transitions

are:

AEP(M-1-M)

M
, 19 (2.55)

W, 1‘!2 2
— (1 + ) [OM?-OM +3 -II +1)]
300; 3

According to convention, a parameter Cy, called the quadrupolar coupling
constant, is defined as:
Cy = (e°qQ)/h . (2.56)

Since h = 2h, it is possible to substitute C, into equation (2.28),

0 - % (2.57)
+ 7 2101-1)

Using «; = 2#»; and substituting the above into equation (2.55):

3C; n?
8y = —————(1+-)[9M?-9M +3 - I(I+1)] (2.58)
401°Q2I-1)*v}

where 8y is in parts per million (ppm) and Cq and », are in MHz. This is the usnal

formula for quadrupolar interactions quoted in the literature.?%
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The main factors causing line-broadening in solid state NMR spectra are

dipole-dipole interaction (Hpp), chemical shift anisotropy (Hcs) and quadrupolar
interaction (Hgy). To improve the spectral resolution these must be averaged to
anisotropic values. Fast Magic Angle Spinning (MAS) can average Hpp,, Hes and Hy
to the first-order. Double rotation (DOR) and Dynamic Angle Spinning (DAS) can
average Hy,, and H, to the first-order and Hy, to the second-order. Therefore, we
can obtain high-resolution NMR spectra for nuclei with large guadrupolar

interactions by using DOR and DAS.

3.1. MAGIC ANGLE SPINNING (MAS)

3. 1. 1. Theory

The dipole-dipole interaction between two nuclei is:®!
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ﬁz
Hy = Y”; (A+B+C+D+E+F) (3.1)

Fi2

where

1
A =1I1,[1-3(Cos8,)")] B = E(Iulh—fl-fz)[l—3(Cos912)2]
C- —%(1;12311 1)Sin,,Cosb e 2 D = ——;—(Ii'Izz+Ilz12'}SinBIZCoseue s

E- -%I;I;(s;'nem)ﬁe‘“’u F= -%1;12‘(51';:9,2)%*2""“.

Here 1, is the distance between spin 1 and 2; 6 and ¢ are the polar angles of the
radius vector ry, with respect to x, y and z (Fig. 3. 1); v, and v, are the magnetogyric
ratios of nuclei 1 and 2.

When considering the first-order perturbation of Hy,, with respect to Hy, only

the secular terms, A and B, in equation (3.1) are important. Thus,

j—]Z
H, = ¥Y1Y2
3
T2

-;-[1 - 3(CosBYIBL, L, -1, f). (3.2)

Now to consider the effect of sample rotation on first-order dipolar splitting;
the relative orientations of B, , r;; and the fixed axis of rotation R, are shown in
Figure 3. 2, where the angle between R and B, is 6 ; the rotor rotational angle is
¢'1,(t). The angle is time-dependent and equal to w,t, where w, is the rotor spinning

speed in radians. It can be proved that:®*
CosB,, = Cost',Cos® + Sinb’,,SinBSin(w 2). (3.3)
Substitution of equation (3.3) into (1 - 3Cos?,,), gives:
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Fig. 3. 1. Relationship between rectangular coordinates x, y, z and the polar

coordinates 1, 4, ¢ (copy from ref. [3. 1}).

-Z

Fig. 3. 2. The relative orientations of r;, , B, and the rotational axis R.

(copy from ref. [3. 1})
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1-3(Cos,,)* = .%[3(0039)2— 11[3(Cos®’},)*-1] - %SinZBSinZG’mCos(mrt) )

—%(Sine)z(sme’u)zc«;s(zm,z).

The chemical shift interaction is a second-order tensor, like the quadrupolar
interaction. It has its own principle axis system (PAS), in which the chemical shift
interaction is diagonal. One third of the trace of the chemical shift tensor is defined
as the isotropic chemical shift, ¢;,. In the PAS, the anisotropic chemical shift (CSA)
has three components which are along the x, y and z axes. After subtracting o, from
each of the three components, the remaining part can be defined as o,;, 0,, and oy,
which satisfy:

Oy + 0y + 033 =0 (3.5)
According to convention, the PAS is selected as: 033 > 0, = 0,,. Two parameters
are defined to represent the chemical shift anisotropic tensor, o,, and #,,:
O = O3 1oy = (035 = 0)/ 03 (3.6)
where 0 < 5, <1L.

The transformation from the PAS to the laboratory axis system (LAS) is
through a set of Euler angles (e, B, v), which are the same angles used for the
transformation of quadrupolar interaction in chapter Two. Because the chemical
shift interaction is very small compared to the Zeeman energy, first-order
perturbation can be used to represent the corresponding Hamiltonian, H,,. The first-

order perturbation of the chemical shift interaction is:
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H = yByl.0,

3.7
o = ah+%ow[3(C0sﬁ)2~1+ncg(Sinﬁ)2C0S2'y]. 37)

2z

To consider the effect of sample spinning, we use the same notation of fixed-
axis-rotation as that in dipole-dipole interaction, where 8 is the angle between R and
B, and &(t), the sample rotational angle is w,. According to the transformation

theory of spherical tensors, it can be proved that:®!

0, = 6,+Cy+C,Cosw t+8 Sinw t+C,Cos2w t +8,Sin2w t (3.8)

C, = %[S(Cosﬁ)z ~11{3(CosB)? - 1 +n_(SinP)2Cos2vy]. (3.9)

where C,, C,, S, and S, are expressions containing «, 8, vy and .59

When the sample is spinning around R, equation (3.4) can be averaged over
the rotational period (27/w,). If the rotor spinning speed, w, , is much larger than
the dipolar splitting linewidth, only the first, time-independent term on the right side
of equation (3.4) and (3.9), remains; the other terms in the two equations vanish.
Therefore,

¥,Y,h2

3

HY = Yp(cosey-11
2 F.
12

-;:[3(00se’12)2 -0GLL,-I1)  (3.10)

cs

H™ - yBOIz{o“+%(3(COS‘8)2—1)(3(C05‘ﬁ)2”1 +1,(SinB)2Cos2y)). (3.11)

From the above equations it can be seen that the width of the central line is reduced

by a factor of (1/2)(3Cos’0 - 1). If 6 is set to 54.7°, then (3Cos’0 - 1) is equal to
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zero; the dipole-dipole interaction is removed and CSA is averaged to an isotropic
value.

H the sample spinning speed is smaller than, or equal to, the dipolar splitting
and the CSA linewidth, the time-dependent terms over the rotational period in
equation (3.4) and C,, C,, S;, S, in equation (3.8) do not average to zero. The
contribution of these terms will give rise to spinning side bands; the frequency
difference between them and the centre peak will be equal to the sample spinning
speed, w,.

For the first-order quadrupolar perturbation, equation 2.35 can be compared
with equation 3.7 as the angular dependent parts are the same. Thus, when the
effect of fixed-axis-rotation is considered and the linewidth caused by the first-order
quadrupolar interactions will be reduced by the factor (1/2)(3Cos’6 - 1). Fast MAS
can average the first-order anisotropies of quadrupolar interactions. For the central
transition of half-integer nuclei, the first-order quadrupolar perturbation, aE®_,,...,

is zero.

3. 1. 2. Instrumentation

The MAS probe used in this study is a high speed probe made by Doty
Scientific Ltd. There are two air lines, one providing bearing air pressure and the
other driving air pressure. The rotor is 5§ mm in diameter, made of either silicon
nitride or zirconia. When both the bearing and the driving air pressure approaches

40 psi, the rotor spinning speed reaches approximately 14 kHz. The rotor spinning
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stability is about 20 Hz at 10 kHz. To discriminate between central bands and
spinning side bands, the samples can be spun at different speeds. The central bands
will remain in the same position while the spinning side bands will move.

The bearing air pressure is turned on at 0.5 bar to start the spinning, then turn
on the drive air is slowly turned on. If the rotor does not spin well, the sample may
be repacked. Sometimes lowering the bearing pressure will the sample to spin. Also

cleaning the air lines of the probe with some alcohol may start the sample spinning.

3. 2. DOUBLE ANGLE ROTATION (DOR)

3. 2. 1. Theory

For half-integer quadrupolar nuclei, the central transition (-1/2 <« 1/2), which
is not affected by first-order quadrupolar interactions, is detected. However, often
the quadrupolar interactions are so strong that second-order quadrupolar effects for
the central transition must be taken into account. Samoson et al. have shown that
MAS methods can not average completely the line broadening caused by anisotropies
of the second-order quadrupolar interactions.” 46!

The effect of fixed-axis-rotation on second-order quadrupolar interaction of
the central transition can be found, using the method described in the previous
section. The fixed axis R is inclined at an angle @ to the external field B,; the

rotational angle is ¢(t) = wt. Equation (2.46) can be expressed as:*

a; = a,}@ P,(Cosb) + a,;,(-z)PZ(Cosﬁ). (3.13)
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v = vg?-m;o 4,Cos(2iB YCos(2y ) + B(w,H) + C(26 1) 51
[} .
Co pAd+1) -3
2021-1) 32y,

where A=

In equation (3.12), »,@ is the second-order quadrupolar shift; »; is the Larmor
frequency; B(wt) and C(2w,t) are the time-dependent terms, which only contribute
to spinning side bands under fast sample spinning. The term, Cy, is the quadrupolar
coupling constant,

In equation (3.13), a;” and a; are constants containing the asymmetry
parameter, #; they are listed in Table 3. 1. The terms, P,(Cosf) and P,(Cos6), are

the second and fourth Legendre polynomials:
P,(CosB) = -21{3(00sa)2—1} P(Cosb) = %[35(Cose)‘—30(Cos6)2+31.3-14)

The time-independent term in equation (3.12) determines the line width of
the central transition under fixed-axis-rotation. The dependence of the frequency on
P,(Cosf) in equation (3.14) gives a broadened spectrum after averaging over 8, and
v, In fact, no single angle may be chosen so that both P,(Cosf) and P,(Cosf) are
simultaneously zero. Consequently, MAS (where 8 = 54.74°, the root of P,(Cos#))
will not completely narrow the line broadening of quadrupolar interaction to the
second order. One solution is to rotate the sample around two angles simultaneously
so that the angles are roots of P,(Cosf) = 0 and P,(Cosf) = 0. This is the principle
of double rotation.

From P,(cosf) = 0, we have: § = 54.74°, the magic angle.
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From P,(Cosf#) = 0, we have:

35(CosB)* - 30(Cos6)? + 3 = 0

(Cosy? = 30 = 4/30
70

Notice that 0 < # < 90° and 0 < Cosf < 1, thus,
Cosf; = 0.8611 6, = 30.56°
Cost, = 0.3400 6, = 70.12°.
Table 3. 1. Coefficients in the Anisotropic Frequency Cosine Expansion of the central

transition of second-order quadrupolar interaction.?

i j ay® 2%

0 0 (81/1120)(18+77%) -(12/7)(1-4%/3)
0 1 (9/56)(18+17) -(36/7)(1-1%/3)
0 2 (9/32)(18+1?) 0

1 0 (811)/56 Q4n)/7

1 1 (27n)/14 243)/7

1 2 -(271)/8 0

2 0 Q27n%)/32 0

2 1 -(97%)/8 0

2, 2 (97%)/32 0
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3. 2. 2. Instrumentation and Technique

A DOR probe, loaned from Bruker spectrospin Canada Ltd., uses the pair of
angles, 54.74° and 30.56°, for the outer rotor and inner rotor respectively (Fig. 3. 3).
There are four air lines: outer bearing and drive , and inner bearing and drive. The
spinning inner rotor has the tendency to change its orientation when a torque is
exerted on it. This makes the DOR probe very difficult to design. Wu et al ®7”
showed that the torque can be reduced to a tolerably small value when the ratio of
the inner and outer rotor spinning speed, w,/w,, approaches a certain fixed value that
depends on the structure of the inner rotor.®” This is incorporated in the design of
the DOR probe used in this study where the ratio of the inner and outer rotor
spinning speeds is S to 1.

Due to the critical balance of the inner and outer rotor, the outer rotor
spinning speed cannot be high; the maximum is about 1200 Hz. The Bruker probe
could maintain a speed of 1100 Hz for about two minutes. The low spinning speed
causes spectra to be complicated by numerous spinning side bands due to the
remaining quadrupolar and dipole-dipole interactions, and chemical shift
anisotropies. The signal to noise ratio is low because the filling factor of the DOR
probe is small compared to MAS probes. In order to increase the intensity of central
band and simplify the spectra, the technique of synchronization was used in which the
pulses are synchronised with the period of rotation to eliminate the odd-numbered
sidebands.?” The pulse programs are shown diagrammatically in Figure 3. 4.

D; is a circuit delay, which depends on the probe, the spectrometer and
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Fig. 3. 3. The relative orientations of the inner rotor, outer rotor and the external

magnetic field B, .

O,: 54.7° , magic angle.

O,: 30.6°, one root of P,(CosO) = 0.

41



Fig. 3. 4. Pulse diagram for DOR NMR experiments.
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spinning speed of outer rotor, to allow the synchronization of the RF pulse with the
rotation of the outer rotor.

VD is a time delay which is equal to either zero or half the period of rotation
of the outer rotor.

P, is the excitation pulse (2 us).

D, is a delay for the ring-down of the probe (15 us).

The synchronization procedure consists of two experiments. In the first
experiment, VD is set to zero (Fig. 3. 4a); in the second, VD is set to half the period
of one rotation of the outer rotor (Fig. 3. 4b). At the beginning of the P, pulse in
the second experiment, the relative position of the inner rotor is 180° from that in
the first experiment. FID’s are acquired at these two positions and added prior to
Fourier Transformation.

Careful packing of the sample and correct adjustment of the position of the
inner rotor with respect to the outer rotor are needed to start the rotors spinning,
To begin the experiment, the first thing is to check the maximum outer rotor
spinning speed:

1. Tune to *Na and put a sample of NaCl powder. Adjust the position of the
outer rotor within the probe and make sure that the inner rotor is approximately at
magic angle with respect to the external magnetic field;

2. Turn on the inner bearing air to 1.0 bar and start the inner drive air slowly.
One can hear the sound of inner rotor spinning at about 0.4 bar or even lower. If

the rotor starts spinning at 0.5 bar or higher, it is better not to run the sample higher
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than 800 Hz;

3. Increase the inner drive air pressure to 1.0 bar and acquire an FID. From
the spinning side bands of NaCl, one can know the inner rotor spinning speed. If the
inner rotor is at a proper position with respect to the outer rotor, the spinning speed
could be around 5 kHz. If the detected speed is below 4.4 kHz, it is better not to
try to run the outer rotor higher than 800 Hz.

The next thing is to measure Djs at different outer rotor spinning speeds. Use
the packed NaCl sample and connect the four air lines:

1. Turn on the inner bearing air to 1.2 bar and start the inner drive air until
one can hear the sound of spinning;

2. Turn on the outer bearing air to 2.8 bar and start the outer drive air slowly.
Soon one can hear the spinning sound of the outer rotor. Now increase the pressures
of the inner and outer drive air simultaneously. As the outer rotor picks up the
speed, the sound becomes progressively louder. If there is some abrupt change of
the sound frequency, it often means that the inner rotor has crashed and stopped
spinning.

3. Once the outer rotor reaches the required frequency, select a value for Dy
and acquire an FID. From the FID, one can tell whether the inner rotor is spinning
or not. After Fourier Transformation, one can find from the size of the odd-
numbered spinning side bands if the proper D value has been selected.

Once D; is obtained, one can begin an experiment. Often it can be difficult

to determine whether or not the inner rotor is spinning, especially at high speeds,
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and to maintain the speed for very long owing to the critical balance of the inner and
outer driving air pressure at high speed of spin. For this reason, an MAS spectrum
is acquired first in order to obtain the best parameters for the DOR experiment and
minimize the duration of the DOR experiment. Different outer rotor spinning

speeds can be used to distinguish the central bands from spinning side bands.

3. 3. DYNAMIC ANGLE SPINNING (DAS)

3. 3. 1. Theory

The basic premise of averaging out the second-order quadrupolar anisotropies
in equation (3.13) is to make the angle # time-dependent by moving the spinning axis.
In order to do this, we require that over the time of experiment (T) for1 = 2 and 1

= 4:8
T
[PiCostyW(B)do = [PACosB@)at = 0 (3.15)
0

where W(0) is a weighted function describing the distribution of angles.

In DAS experiments, a set of N discrete angles are found such that:

N N
¥ P,(Cost)t, = ¥ P,(CosB)t, = 0 (3.16)
i=1 i=1

where t; is the fraction of time spent at each angle. The simplest case is that N

equals 2. Then we have:
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spinning speed of outer rotor, to allow the synchronization of the RF pulse with the
rotation of the outer rotor.

VD is a time delay which is equal to either zero or half the period of rotation
of the outer rotor.

P, is the excitation pulse (2 us).

D, is a delay for the ring-down of the probe (15 us).

The synchronization procedure consists of two experiments. In the first
experiment, VD is set to zero (Fig. 3. 4a); in the second, VD is set to half the period
of one rotation of the outer rotor (Fig. 3. 4b). At the beginning of the P, pulse in
the second experiment, the relative position of the inner rotor is 180° from that in
the first experiment. FID’s are acquired at these two positions and added prior to
Fourier Transformation.

Careful packing of the sample and correct adjustment of the position of the
inner rotor with respect to the outer rotor are needed to start the rotors spinning,
To begin the experiment, the first thing is to check the maximum outer rotor
spinning speed:

1. Tune to *Na and put a sample of NaCl powder. Adjust the position of the
outer rotor within the probe and make sure that the inner rotor is approximately at
magic angle with respect to the external magnetic field;

2. Turn on the inner bearing air to 1.0 bar and start the inner drive air slowly.
One can hear the sound of inner rotor spinning at about 0.4 bar or even lower. If

the rotor starts spinning at 0.5 bar or higher, it is better not to run the sample higher

43



P,(CosB))t, + Py(CosB)t, = 0 (3.17)
P,(Cos))t, + P(CosB,)t, = 0

If t; = t, is chosen, for the first equation in the above equations

(Cos8,)* = = - (CosB,)* (3.18)

W

Substituting 3.18 into the second term in equation (3.17), after some derivation, gives:

45(Cos6,)* - 30(Cos0,)* + 1 = 0

(Cosoy = 3£ 25
5

1

(3.19)

The solution of the above equation is a pair of complimentary angles: § = 37.38° or
6 = 79.19°. Substituting the results of 8, into equation (3.18), gives:
6, = 37.38° 8, = 79.19° or 6, = 79.19°, 6, = 37.38° (3.20)
This is the solution for one-angle flipping DAS experiment. In practice, the
sample is spun at 37.38° for time 7, then it is flipped to 79.19° for another time .
At the end of the second 7 time period, an FID is acquired and the rotor switched
back to 37.38°, waiting for the beginning of another experiment. In this experiment,
the second-order quadrupolar anisotropies of the central transition have been

averaged to isotropic values.

3. 3. 2, Technique
One practical limitation of the DAS technique is the length of time, about 20

ms, required for flipping the stator between two angles. Thus the DAS technique

46



may only be used for nuclei with spin lattice relaxation times greater than 0.1
seconds. Quadrupolar interactions provide the dominant relaxation mechanism for
quadrupolar nuclei in solids. As this is extremely efficient, the relaxation time of
some quadrupolar nuclei, such as ¥Al, is typically of the order of tens of
milliseconds,”® and therefore is too short for the DAS technique to be used.

Another problem with this pulse sequence is that neither of these two angles
is the magic angle. Thus the broadenings caused by dipole-dipole interactions and
chemical shift anisotropies are not efficiently averaged. One way to solve the second
problem was presented again by Mueller et al. in an experiment called a pure-phase
absorption.?*!

In this experiment, the rotor flips among three angles, allowing the acquisition
of the FID to be at the magic angle. The time 7 is incrementally increased between
subsequent experiments. The Fourier Transformation of the acquired MAS FID
gives the F, dimension of the two-dimensional plot, which contains both the isotropic
and anisotropic second-order quadrupolar interactions. Fourier Transformation of
equivalent points from spectra with different values of 7 gives the F; dimension,
which contains only isotropic interactions and can separate peaks due to
corresponding sites.®® The projection of each of these peaks onto the F, dimension
will result in normal MAS spectra, which can be used to obtain the quadrupolar
interaction parameters by correlating the shape of each peak with the computer-
simulated spectrum,B-3P19

In practice, the rotor was spun at 37.4° for time 7, flipped to 79.2° for another
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period 7 then flipped to 54.7° while an FID was acquired. A 90° pulse was applied
just before each rotor-flip in order to rotate the transverse magnetization to the z-
axis for storage. Immediately after the flip, a 90° pulse with an opposite phase was
used to recover the magnetization.®* After the acquisition of the FID, the spinning
axis was returned to 37.4°. The 90° pulses used are soft pulses, in order to excite
only the central transition,?®

To set up a DAS experiment, the first thing is to calibrate the magic angle:

1. Connect all the lines and circuits and tune to ”Br; put in sample KBr and
spinning the sample at about 5 kHz;

2. Enter the ’gs’ mode and watch the spikes on the FID; use the *arrow’ keys
on the keyboard to change the magic angle slightly until the spikes reach the
maximum; save the number of steps; from this value and a reference rod inside the
probe, the computer can calibrate any other angles accurately.

The next step is to do one MAS experiment to choose the proper parameters.
Then one has to calibrate the 90° pulse lengths at 37.38°, 54.74° and 79.19°
separately. Soft pulses have to be used in order to excite only the central transitions
of half-integer quadrupolar nuclei.®” Finally, one has to set up a two-dimensional

pulse sequence using a proper phase cycling to start the whole experiment.



3. 4. COMPARISON OF MAS, DAS AND DOR TECHNIQUES TO OBTAIN

PARAMETERS FROM QUADRUPOLAR NUCLE!

Magic Angle Spinning can efficiently average the broadening effects due to
dipole-dipole interactions and chemical shift anisotropy, but not those resulting from
second-order quadrupolar interactions. As second-order quadrupolarinteractions are
inversely proportional to the strength of the magnetic field, the parameters Cq and
7 can be calculated for simple spectra from the computer simulation of MAS spectra
obtained at two magnetic field strengths. The isotropic chemical shift can be obtained
by calculating the quadrupolar shift and subtracting it from the observed shift.

A comparison of the *Na peak widths of tugtupite in the DOR (68 Hz) and
DAS (240 Hz) spectra (Table 4. 2) shows that the DOR technique is more efficient
at averaging second-order quadrupolar interaction anisotropies and narrowing the
peak (See chapter four). The spin-lattice relaxation times of quadrupolar nuclei are
usually very short; during the periods of flipping of the rotor axis in the DAS
experiments, some of the longitudinal and transverse magnetization will be lost. The
averaging methods, which are based on equal magnetizations before and after the flip
of the rotor axis, therefore, will no longer be precise. In the DOR experiments, the
homonuclear dipole-dipole interactions are averaged more completely because
multiple terms, such as I, I, I,,, are not refocused during the MAS acquisition in DAS
experiments,?!

The length of time (40 ms) required for a flip of the rotor axis in DAS

experiments confines its application to non-integer quadrupolar nuclei, such as "0,
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BNa and ¥Rb, with relatively long T, relaxation times. DOR can be used for nuclei
with much more rapid relaxation, as the minimum time required for the acquisition
of the free induction decay is not as limited.

For DOR experiments, the outer rotor, which is at the magic angle, spins at
1 kHz. This is not fast enough to average anisotropy in the chemical shift and dipole-
dipole interactions greater than 1 kHz. In pure-phase absorption DAS experiments,
the sample can spin at 14 kHz. As the acquisition is at the magic angle, this
technique is more efficient than DOR at averaging chemical shift anisotropy.

DOR is the most difficult experiment to perform technically, especially at
high-speed spinning of the outer rotor, owing to the critical balance of the inner and
outer rotor. In DOR experiments, short pulse-lengths can be used to excite only the
centre bands, which reduces the delay required for relaxation of nuclei between
pulses, enhances the sensitivity of detection,®'? and shortens the duration of the
experiment. DAS experiments can take up to 14 hours in comparison to DOR
experiments, which can be performed in one hour.

DAS is the preferred technique for quadrupolar nuclei with long T, relaxation
times, relatively small quadrupolar interactions, small homonuclear dipole-dipole
interactions and large anisotropies in chemical shifts. The DOR technique is
preferred for quadrupolar nuclei with large quadrupolar and homonuclear dipole-
dipole interactions and small chemical shift anisotropies. MAS at two fields can be
used to calculate quadrupolar parameters, but only for spectra of simple structures

that do not give overlapping peaks.
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4. 1. STRUCTURE OF TUGTUPITE

Tugtupite, Na,[AlBe,Si;0,,](CLS),, is a well-ordered cubic tectosilicate
mineral which crystallizes in space group I4.¥" Si, Be and Al, in tetrahedral
coordination with four oxygen atoms, form the framework of the structure (Fig. 4. 1).
There is a four-membered ring containing two Si, one Be and one Al atoms normal
to the a axis, a four-membered ring containing four Si atoms perpendicular to the ¢
axis, and a six-membered ring containing four Si, one Al and one Be atoms at the
corners. Na and Cl are inside the cages, and the Cl atoms are either at the corners
or the centre of the unit cell. Na is in five-fold coordination with one Cl and four O
atoms.“?

From X-ray diffraction results, it is not clear if there is any disorder of Si, Al
and Be within the tetrahedral site. Different NMR techniques were used to study
’Be, ®Na, Al and #Si nuclei in tugtupite in order to obtain the values of isotropic
chemical shifts, C, and 4, and to evaluate the degree of atomic order in the structure.

As tugtupite is an extremely well ordered aluminosilicate mineral, it was also
used to investigate the limitations and possibilities of the various NMR techniques
in the determination of isotropic chemical shift, C, and » parameters from
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Fig. 4. 1. The crystal structure of tugtupite.
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quadrupolar nuclei.

4. 2. EXPERIMENTAL

Tugtupite from Ilimaussaq, Narssaq Kommune, South Greenland (Royal
Ontario Museum, sample number: M32790) was finely ground prior to packing into
the NMR rotors. It is from the same locality as the sample analyzed by Dang.™ The
NMR spectra were acquired using a Bruker AMX-500 console with an 8.4 T wide-
bore magnet and an 11.7 T narrow-bore magnet. MAS spectra were acquired at both
fields using a high-speed MAS probe with 5-mm diameter rotors from Doty Scientific
Ltd. The experimental parameters are listed in Table 4. 1. MAS spectra for *Na
were obtained at -35, -52, -80 and -110°C at 132.3 MHz. The spectra were recorded
with reference to *Na* in a 0.1 M aqueous solution of NaCl, Y Al(H,0), in an
aqueous solution of AICl,, *Be** in an aqueous solution of Be(NO,), solution, and
»S$i in tetramethylsilane (TMS).

PNa and “Al DOR spectra were acquired at a magnetic field of 8.4 T using
a Bruker DOR probe with an outer rotor spinning speed of 800 Hz. The delay
between pulses was 2 s; short pulse-lengths of 2 us were used for both ®?Na and YAl
to excite the central transitions only.*

The DAS experiments of >Na were run at a magnetic field of 84 T . The

sample was packed in a 5-mm rotor which was spun at 6.9 kHz around an axis
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TABLE 4. 1. MAS EXPERIMENTAL PARAMETERS OF %Na, 7Al, *Be AND %§;i.

Pi(us) | Dy (s) Spectra Number of Line Spinning Larmor
Width(Hz) Scans Broadening(Hz) Speed(kHz) Frequency(MHz)
®Na 0.4 2.0 20000 500 50 8.7 95.22
BNa 0.4 1.0 125000 500 50 8.7 95.22
BNa 0.4 2.0 20000 404 20 9.7 132.30
®Na 0.4 1.0 125000 400 20 9.7 132.30
#Na* 0.6 1.0 20000 300 50 6.0 132.30
7Al 0.4 0.5 20000 600 10 8.7 93.80
YAl 1.0 0.5 125000 904 20 8.7 93.80
YAl 0.4 0.5 20000 547 10 9.7 130.32
7Al 1.0 0.5 125000 800 10 9.7 130.32
’Be 0.2 0.1 31250 5294 0 9.0 70.28
»Si 2.0 30 10000 1235 30 7.1 99.35

D: relaxation delay between pulses; P;: pulse length.
*: ®Na MAS experiments at low temperatures.
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capable of being flipped from 23° to 85° with respect to the magnetic field. Sixteen
FIDs were recorded for each experiment, with 256 points being collected in the F,
dimension and 512 in the F, dimension. The pulse lengths of 90°, measured at the
three rotor flip angles of 37.38°, 54.74° and 79.19°, were 3.8 us, 2.1 us and 2.0 us,
respectively.4 The time delay for switching between two angles was 50 ms. The
duration of 7 was increased by 2 us between successive experiments. The relaxation
delay between pulses was 3 s. A narrow spectral width of 20,000 Hz was chosen to
just cover the frequency range containing the peaks in order to obtain sufficient
resolution in the F, dimension and reduce the duration of the experiment.

The central transition lineshapes for non-integer quadrupolar nuclei were
simulated using a computer program which modified after "SECQUAD" written by
W. P. Power and R. E. Wasylishen."* In this simulation, spinning speeds were
considered to be infinitely large, so that spinning sidebands did not need to be
considered. The lineshapes were assumed to be only due to second-order
quadrupolar interactions, as for non-integer quadrupolar nuclei, the central

transitions are not affected by first-order quadrupolar interactions.

4. 3. RESULTS AND DISCUSSION

4.3. 1. ¥8i

The *Si MAS spectrum has one narrow peak at -95.1 ppm with a linewidth
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of 70 Hz (30 Hz line broadening) (Table 4. 2, Fig. 4. 2). This shows that *Si is in
a single site, which is tetrahedrally coordinated with one Al, one Be and two Si
atoms. There is no Si/Al disorder among the tetrahedral sites (Fig. 4. 1). Using the
crystal-structure data of Hassan & Grundy “? and the empirical relationship derived
by Sherriff et al.,"¥ the peak position was calculated to be at -94.5 ppm, which was

very close to the experimental result.

4. 3.2, °Be

The MAS NMR spectrum gave one extremely narrow *Be peak at -2.1 ppm,
with 22 Hz width at half peak maximum (0 Hz line broadening) (Table 4. 2, Fig. 4.
3). °Be is therefore in a single symmetrical tetrahedral environment, with a small
field gradient and therefore quadrupolar interactions. The spinning sidebands are
due to first order splitting and indicate that C, is of the order of 9 kHz. The
structure refinement from single-crystal X-ray diffraction data shows that the site is
very symmetrical, with the four Be-O bond lengths of 1.631(2) A, four O-Be-O bond

angles of 107.7(1)°, and two of 113,5(1)°.%%

4, 3.3 ®Na

There is one peak with two maxima in the ®Na MAS spectra at both 95.2
MHz and 132.3 MHz. DOR NMR was used to determine whether the two maxima
are due fo two Na peaks or one peak with a quadrupolar shape. The DOR spectrum

gave a single peak at 1.8 ppm, with a peak width at half height of 68 Hz (Table 4.
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Table 4. 2. The NMR resulfs of tugtupite.

O (PPmM)* linewidth (Hz) | C, (MHz) 7 & (ppm)
¥Si MAS, 11.7 T -95.1 70 1b=30 - 95.1
’Be MAS, 11.7 T - 21 22 lb=0 - 2.1
“Na MAS, 8.43 T 2.0 830 1b=50 1.27 0.48 6.8
BNa MAS, 11.7T 4.4 590 1b=20 1.27 0.48 6.9
Na DAS, 8.43 T 2.1 240 1b=20 1.27 0.48 6.9
“Na DOR, 8.43 T 1.8 68 Ib=10 1.27 0.48 6.6
A1 MAS, 8.43 T 62.3 180 1b=10 1.70 0.19 64.2
TAIMAS, 11.7 T 63.3 140 1b=20 1.70 0.19 64.2
A1 DOR, 8.43 T 62.5 43 1b=10 1.70 0.19 64.4

*: &, are the observed shifts of the centres of gravity of the central bands.
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Fig. 4. 2. ¥Si MAS spectrum of tugtupite at 11.7 T spinning at 7.1 KHz,




Fig. 4. 3. °Be MAS spectrum of tugtupite at 11.7 T spinning at 9.0 KHz.
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2, Fig. 4. 4), showing that there is one ®Na environment in tugtupite.

For quadrupolar nuclei in a single site, the second moment of the central
transition in MAS spectra will be inversely proportional to the strength of the
magnetic field if the peak width is only caused by the second-order quadrupolar
interactions.”” Therefore, by comparing the widths of MAS central transitions at
different strengths of magnetic field, it is possible to determine if the lineshapes are
caused only by second-order quadrupolar interaction anisotropy. For *Na, the ratio
of the linewidths for the field strengths of 11.7 T and 8.4 T is 570 : 780 or 0.73
(Table 4. 2). As this result is close to the ratio of the strengths of the magnetic field
of 0.72, the ®Na MAS lineshapes are considered to be caused solely by the second-
order quadrupolar interactions.

‘The quadrupolar parameters C,, and n were found by comparison of the MAS
experimental results with computer simulations of the central transition lineshape.
The quadrupolar parameters for C, of 1.27 MHz, and 5 of 0.48, were required to
produce simulations with the same lineshapes as the experimental spectra recorded
at both magnetic field strengths (Fig. 4. 5).

To verify these parameters, the difference between the peak positions at the
two fields was calculated in the following manner and compared to experimental
results. For a quadrupolar nucleus, the centre of gravity of a single MAS peak (8,
is a resultant of the quadrupolar shift (8,) and isotropic chemical shift (5,,).

Ows = 0 + i (4.1)

For central transitions of a non-integer quadrupolar nucleus with spin I, the first-
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Fig. 4. 4. ®Na DOR spectrum of tugtupite at 8.4 T with the outer rotor spinning at 800 Hz.
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(a) simulated MAS spectrum at 8.4 T;

(b) observed MAS spectrum at 8.4 T;
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(c) simulated MAS spectrum at 117 T;

(d) observed MAS spectrum at 11.7 T,

R N L A 0 A |

40 0 ppm -40 40

oindmdny jo enosds SYW BN, 'S v ‘81



order quadrupolar shift is zero, and according to equation (2.58) the second-order
quadrupolar shift is given by:

Sqrz = -3+10% CPo(I(1+1)-3/4)(1+77/3)/(40P(21-1)%2, ,) (4.2)
where »,, is the Larmor frequency (MHz) at two different values of the magnetic
field.

If one defines:

Ady = 8oy - Beg (4.3)
Dby = 81y - B (4.4)
Dby, = Sy = Sopma (4.5)
Then Abg, = Ay, + A, (4.6)

As the isotropic chemical shifts are independent of the strength of the magnetic field,
they will be the same in both fields, and A, will be zero. Therefore,
Ady, = A, (4.7
If », is greater than », then from equation (4.2) and (4.3):
Ady = -3[I(I+1)-3/41(1+9*/3)C% - 10%(1/v%-1/%) /[4014(21-1)?) (4.8)
For *Na at the two field strengths of 8.4 T and 117 T, equation (4.8) becomes
Ay = 1.329-C%+(1 + 9*/3) ppm. (4.9)
By substituting the values of 1.27 for C, and of 0.48 for 7, from the
simulations of the MAS spectra, into expression (4.9), A8, is calculated to be 2.3
ppm. This compares favourably to the observed value of 2.4 + 0.1 ppm.
‘The F, projection of the DAS spectrum showed only one ®Na peak, with a

linewidth of 240 Hz (Table 4. 2, Fig. 4. 6). As the spectral width was 20000 Hz and
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Fig. 4. 6. Two-dimensional plot of ®Na DAS spectrum of tugtupite at 8.4 T with one

dimensional projections along the F; and F, axes and projections of the four points
of the F, peak onto the F, dimension,
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the number of points on F, was 256, the difference in frequency between two
adjacent points was 78 Hz. There were only four points for the F, peak above the
half-intensity of the peak. The projection of these four points on F, resulted in
similar MAS spectra with the same lineshapes but different intensities (Fig. 4. 6).
The shape of the peaks was found to be similar to that obtained in MAS experiment
(Fig. 4. 5), though the resolution was lower. The computer simulation of these peaks
gave the same values of C, and 5 as the MAS experiments. This finding shows that
there is only one ?Na site and no distribution of *Na chemical shift in tugtupite at
room temperature.

Na MAS NMR spectra obtained at -35, -52, -80 and -110°C have exactly the
same peak positions, lineshapes and linewidths as those measured at room
temperature (Fig. 4. 7). Therefore, there is no phase change affecting the Na site

between +25°C and -110°C.

4, 3. 4, YAl

The width of the ¥ Al MAS peak at 130.3 MHz was found to be 140 Hz, which
is relatively narrow for ZAl in solids, indicating that the Al tetrahedrally coordinated
site is very symmetrical, with a small gradient in electric field and, therefore, small
YAl quadrupolar interactions. The structural refinement from single crystal data
shows this high symmetry, with four Al-O bond lengths of 1.748(2) A, four O-Al-O
angles of 109.0(1)° and two of 110.5(1)°.12

There is one peak with two maxima in the Al MAS spectra recorded at both
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Fig. 4. 7. ®Na low-temperature MAS spectra of tugtupite at:

d. -110°C.
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strengths of magnetic field (Table 4. 2, Fig. 4. 8). ¥ Al DOR was used to determine
whether this is due to two Al peaks or to one peak with a quadrupolar lineshape.
The DOR spectrum has one symmetrical peak with a width at half maximum of only
43 Hz (line broadening of 10 Hz) (Table 4. 2, Fig. 4. 9), indicating that there is one
Al environment in tugtupite.

The ratio of the widths of the Al MAS peaks at 11.7 T and 8.4 T, is 120 :
170 or 0.73 (Table 4. 2), which is close to the ratio of the strengths of the magnetic
fields of 0.72. This indicates that the linewidth is due mainly to the second-order
quadrupolar interaction.

The quadrupolar parameters of 1.70 MHz for C,, and of 0.19 for 5 were used
to simulate the MAS spectra at the two field strengths (Fig. 4. 8). These values were
verified by a comparison of the peak positions at the two fields. From equation (4.8)
for ¥Al with magnetic field strength of 11.7 T and 8.4 T:

Ady = 0.328-C%+(1 + %*/3) ppm (4.10)
Using values for Cy of 1.70 MHz and for 5 of 0.19, A8, is found to equal 0.96 ppm.
This is slightly higher than the measured difference between MAS chemical shifts
obtained at the two magnetic field strengths of 0.8 ppm.

For nuclei with spin 5/2, such as ¥Al, the values of C, and 7 obtained from
a simulation of the MAS spectra can be verified in a second way. The first pair of
spinning sidebands can each be resolved into two peaks, due to the sidebands of the
central transition and of the inner satellite +1/2 < +3/2 transitions. For nuclei with

a spin of 5/2, these satellite transitions have small second moments and sufficient
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Fig. 4. 9. Al DOR spectrum of tugtupite at 8.43 T with outer rotor spinning at 800 Hz.
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intensity to be observed. For nuclei with spin 3/2, such as 2Na, the intensity of this
transition is too small for observation of the sidebands.** The difference in peak
position between +1/2 « +3/2 and +1/2 < -1/2 transitions can be measured for
the first pair of spinning sidebands. The second-order quadrupolar shift of non-
central transitions can be expressed as:
S = -3+ 10% Co[I(I+ 1)-9m(m-1)-3](1+5%/3)/[40 - 221 1)7] (4.11)
For a nuclear spin I of 5/2, the value of the difference in position between the +1/2
< +3/2 and the central -1/2 < +1/2 transition is:
Ady = 27-10% C2(1 + n?/3)/(4+1%) (4.12)
Substitution of the value of 1.70 MHz for C, and of 0.19 for 5 obtained from

the simulation of MAS lineshapes gives:

Ady = 224 ppm  at 8.4 T magnetic field
Ady = 1.16 ppm at 11.7 T magnetic field.

The measured differences were found to be:

Aby, = 2.5 £ 02 ppm at 8.4 T magnetic field

Ady, = 1.2 +£ 0.2 ppm  at 11.7 T magnetic field.

This verifies that the simulated quadrupolar parameters of Al in tugtupite is correct.

4. 4. CONCLUSION

Si is in a single tetrahedrally coordinated site in tugtupite, and there is no

Si/Al disorder. Be is in a single extremely symmetrical environment that has no
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measurable electric field gradient. There is only one site for both 2Na and YAl with
no distribution in ®Na chemical shift. For ®Na, 8, is 6.9 ppm, C, is 1.27 MHz and
7 is 0.48. For ¥Al in a symmetrical tetrahedral AlO, site, §,,, is 64.2 ppm, C, is 1.70
MHz, and 7 is 0.19. These results were verified by comparison of the calculated and
observed differences in chemical shift at two strengths of the magnetic field. There
is no phase change involving Na between 23° and -110°C.

MAS is efficient at averaging the broadening due to anisotropy of chemical
shift and dipole-dipole interactions. The quadrupolar parameters C, and 5 may be
obtained from a computer simulation of the MAS lineshape. Both DOR and DAS
techniques are able to reduce the anisotropy due to second-order quadrupolar
interactions. DAS provides an additional dimension that enables the simultaneously

study of the lineshapes for different sites.
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5 .1. STRUCTURE OF THE ALSiO; POLYMORPHS

The three alumino-silicate polymorphs kyanite, andalusite and sillimanite
(AL,SiOs) are used by petrologists to determine the pressure and temperature of
formation of rocks, due to their abundance in metamorphic rocks and their well
characterized pressure and temperature ranges.®* They are an interesting group of
minerals to study using YAl NMR as they have a variety of Al sites and
coordinations.

In kyanite there are four distinct octahedral aluminum sites, each
characterized by different average Al-O bond lengths (Table 5 .1).5 There are two
different tetrahedral silicon sites, with identical average Si-O bond lengths (Table 5
1). Aly, and Al octahedra share edges and form chains parallel to the c-axis. Si
tetrahedra and Alg, Aly, octahedra cross-link the chains (Fig. 5. 1).5% As the mean
Al-O bond distance, the polyhedral volumes and sites energies of the Al;,Os and
Al,O octahedra are very similar (Table 5. 1), they may be considered as identical

from the point of crystal chemistry. The Al,O, and Al;O4 octahedra are also
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Table 5.1. Aluminum sites in the Al,SiO, polymorphs. Bond distances are in angstroms.”"

End Andalusite Sillimanite Kyanite
-member
|
1| Site All Al2 All Al2 All Al2 Al3 Al4
C. N. 6 5 6 4 6 6 6 6
Point 2 m 1 m 1 1 1 1
Sym.

Distance | 1.827 | 1.816 1.914 1751 | 1.874 | 1.934 | 1.986 | 1.816

(O-Al 1.891 | 1.840 1.868 1711 | 1.884 | 1.881 | 1.924 | 1.998

2.086 | 1.899 1.954 1796 | 1.971 | 1.889 | 1.862 | 1.846

1.814 1987 | 1914 | 1.968 | 1.911

1.847 | 1.930 | 1.883 | 1.933

1.848 | 1.925 | 1.885 | 1.875

Mean O | 1935 | 1.836 1.912 1.764 | 1.902 | 1.913 | 1.918 | 1.89¢6

-Al
o 0.121 [ 0.036 | 0.039 | 0.041 | 0.062 | 0.023 | 0.050 | 0.065
Ploy. Vol. | 9.539 | 5153 | 9.175 | 2.791 | 8977 | 9.136 | 9.164 | 8.921
Q. E. 1.011 - 1.011 | 1.006 | 1.016 | 1.014 | 1.018 | 1.014
Ang. Var. | 18.0 -- 364 20.5 47.7 50.2 57.0 | 425
Site 2490 | -2569 | -2573 | -2526 | -2532 | -2563 | -2543 | -2531
Energy

C.N. = coordination number, Mean O-Al = mean cation-oxygen bond distance, ¢ =
standard deviation of mean cation-oxygen bond distance, Poly. Vol. = polyhedral
volume, Q.E. = quadratic elongation of polyhedra, Ang. Var. = angular variation of
polyhedra. Site Energy is the electrostatic energy (in kcal) for one mole of sites.
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Fig, 5. 1. The crystal structure of kyanite (projection along the c-axis).
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similar (Table 5. 1).

In andalusite, there is one octahedral and one five-coordinated Al site.
Andalusite consists of edge-shared chains of AlOg octahedra, which are parallel to
the c-axis. The chains are cross-linked through SiO, tetrahedral and penta-
coordinated aluminum (Fig. 5 .2).°% From the Al-O bond lengths in Table 5.1, it
can be seen that the octahedra are distorted from ideal O, symmetry, which will lead
to a large electric field gradient at Al nucleus and hence a large quadrupolar
interaction for “Al

In sillimanite, there are two distinct octahedral Al sites. The structure of
sillimanite is similar to that of andalusite: chains of edge-sharing AlO, octahedra
parallel to the c-axis, which are cross-linked through double chains of tetrahedra
containing Si and Al (Fig. S. 3).54

The ALSiO; polymorphs have been extensively studied®™ and well
characterized crystallographically and by single crystal®*! and MAS NMRUEI5765.8
Single crystal ” Al NMR provides the quadrupolar parameters of C, and # for all the
non-equivalent Al sites. “Al MAS NMR obtained at a high magnetic field strength
can narrow some of the quadrupolar lines enough to resolve separate peaks.
However, it is not possible to assign the isotropic chemical shifts of all the non-
equivalent sites as MAS can not average all the anisotropies of the second-order
quadrupolar interaction. DOR and DAS can be used to solve this problem. For
quadrupolar nucleus Al in solids, the relaxation time is typically of the order of tens

of milliseconds, which is too short for the DAS technique to be used."*19 The
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Fig. 5. 2. The crystal structure of andalusite (projection along the a-axis).
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Fig. 5. 3. | illi
g The crystal structure of sillimanite (projection along the a-axis).
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DOR probe does not have such a problem and can be used to obtain high resolution

YAl spectra.

5.2. EXPERIMENTAL

Samples of the minerals kyanite (E 2912, from Pfitschthal, Tyrol), andalusite
(BLS 218, from Minas Geras, Brazil) and sillimanite (BLS 144, from Dillan,
Montana) were finely ground prior to carefully packing them into the inner rotor.

The spectra were acquired on a Bruker AMX-500 console with an 8.42 T wide
bore magnet. 2 ps pulse lengths were used, as the 90° pulse length measured on 1
M AICl;+6H,0 aqueous solution was 20 us. The Al spectral reference was 1M
AlCl; - 6H,O solution. The FID’s were Fourier Transformed with a line broadening
of 10 Hz. Peak positions are accurate to + 0.1 ppm.

Spectra were acquired at different spinning speeds of the outer rotor to
distinguish the outer rotor spinning sidebands from centre bands. The inner rotor
spinning speed of between 5 and 7 kHz changes with the outer rotor spinning speed
to maintain a stable spinning configuration.®!" The spinning sidebands from the
inner rotor do not interfere with the centre bands in these spectra, as they are very
small and spaced at intervals of over 55 ppm. The outer rotor speeds for the kyanite
spectra were 800 Hz, 1000 Hz and 1100 Hz, for sillimanite, 800 Hz, 900 Hz and 1000

Hz and for andalusite, 800 Hz and 1000 Hz. Synchronisation technique removed odd
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numbered spinning sidebands.

Equivalent points in two spectra of each mineral acquired at different outer
rotor spinning speeds were multiplied together, If the sidebands are narrow and do
not overlap in the two spectra, the equivalent points on the sidebands will be
multiplied by zero and the spinning sidebands will be eliminated. As the centre
bands are present in both spectra, this multiplication will result in their intensity

being squared.

5. 3. RESULTS AND DISCUSSION

The measured peak positions in the DOR spectra (8,,) are the sum of two
effects: isotropic chemical shift (8,,) and isotropic second-order quadrupolar shift
(8o)-

Ogps = O + Oigp (5.1)

The isotropic second-order quadrupolar shift can be calculated from equation (2.58):

8q = -3[I(I+1)-3/4](1+%*/3)C?, 105/[401(21-1)%%) (5.2)

where C, is the quadrupolar coupling constant in MHz (¢’qQ/h) and 5 is the

quadrupolar asymmetry parameter ((V,, - V,,)/V,). For AL I = 5/2 and », =
93.803 MHz at a magnetic field of 8.42 T, therefore

6q = - 0.6826( 1 + °/3 )C%, (5.3)

The Cq and 9 values used in equation (5.3) were calculated from single-crystal
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NMR studies®* and from simulated spectra fitted to MAS spectra.™ Observed
peak positions, quadrupolar parameters and calculated isotropic chemical shifts are
shown in Table §. 2.

By the comparison of DOR spectra of kyanite at three different spinning
speeds, it is possible to identify four peaks relating to the four octahedrally
coordinated Al sites (Fig. 5 .4). The sidebands move out from the centre bands as
the outer rotor spinning speed increases and only the peaks at -6.5, -25.3, -51.7 and -
56.2 ppm remain static. Another way to distinguish the four centre bands is to
multiply together the spectra acquired with outer rotor spinning speeds of 800 Hz
and 1100 Hz (Fig. § .5).

Two peaks at 31.7 ppm and -51.6 ppm relating to the tetrahedrally and
octahedrally coordinated Al sites respectively, are found in the spectrum of
sillimanite (Fig. 5. 6). For andalusite only one peak at 9.6 ppm due to the five-
coordinate Al can be found (Fig. 5 .7). The quadrupolar coupling constant of the
octahedrally coordinated site is too large, at 15.5 MHz, to be resolved by the DOR
technique with the present spinning speed capability.

Several factors need to be considered in the interpretation of the relative
intensity of different peaks in DOR NMR spectra. One factor is the excitation of
satellites. For nuclei with non-integral spins only the central transitions (-1/2 —
+1/2) are not affected by the first-order quadrupolar interactions and can be used
to study the relative population of different sites. According to the NMR nutation

study by Samoson et al."'* a small flip angle of the magnetization will suppress the
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Table 5. 2. Isotropic chemical shifts (8,,), quadrupolar coupling constants (Cy) and
asymmetry parameters (y) for Al sites of kyanite, sillimanite and andalusite.

Co(MHz) 19 dio(PpIm) 50.(Ppm) Oors(PPIM) O.{ppm)
kyanite
octahedral  3.70° 0.89" 5.0° -11.81 -6.5 53
octahedral  6.53* 0.59° 7.5° -32.48 253 7.2
octahedral 09.37° 0.38° 13* -62.81 -51.7 11.1
octahedral 10.04°® 0.27° 15" -70.48 -56.2 14.3
sillimanite
tetrahedral  6.77° (.532° 64.5° -34.24 31.7 65.9
octahedral 8.93b 0.462° 4.0° -58.31 -51.6 6.7
andalusite
S-coordinate 5.73° 0.7% 35 -26.0 79.6 35.7
octahedral 15.5* 0.0 10* -164.00

a:from Raymond, M. Phys. Rev. B. 3, 3692 (1971) 59,

b: from Alemany, L.B. et al. Chem. Phys. Lett. 177, 301 (1991) 4,

*:calculated
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Fig. 5. 4. DOR NMR spectra of kyanite, Centre bands are labelled with arrows.

(¢) outer rotor speed of 1100 Hz, Dy = 95 s, VD

C

(b) outer rotor speed of 1000 Hz, D = 108 us, VD

b

(a) outer rotor speed of 800 Hz, Dy = 140 ps, VD = 625 S;

T T T T T T T T T T T I L L T T J L4
ppm 50 0 -50 -100
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Fig. 5. 5. The results of the multiplication of DOR NMR spectra of kyanite with outer

rotor spinning speeds of 800 Hz and 1100 Hz.
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Fig. 5. 6. DOR NMR spectra of sillimanite, Centre bands are labelled with arrows.

(c) outer rotor speed of 1000 Hz, Dy = 108 us, VD = 500 ps.

(b) outer rotor speed of 900 Hz, D, = 122 us, VD = 355 ps;

b

(a) outer rotor speed of 800 Hz, D = 140 £s, VD = 625 pus;

7 1 T T i g " ’ ' T 7 i
ppm 100 50 0 -50
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Fig. 5. 7. DOR NMR spectra of andalusite. The centre band is labelled with an arrow.

(b) outer rotor speed of 1000 Hz, Dy = 108 ps, VD = 500 S, X

b

(a) outer rotor speed of 800 Hz, Dy = 140 b8, VD = 625 us;

ppm 50 0 ~50 ~100



excitation of satellites. In our experiments the pulse length of 2 us should allow less
than five percent of the satellite non-central transitions to contribute to the central
transition,

Al sites have different symmetries and distortions and hence different
quadrupolar coupling constants and asymmetry parameters. As the dominant
relaxation mechanism is quadrupolar interaction, this can lead to different spin lattice
relaxation times for individual sites in a mineral. By using a small flip angle and a
relatively long time delay (D, = 1 s) between pulses,®® complete relaxation of all
sites is allowed and this effect should be minimized in our experiments.

Other factors to be considered in the interpretation of relative peak intensity
and broadening are chemical shift anisotropy (CSA), dipole-dipole, quadrupolar-
dipole and quadrupolar interactions. For ¥Al in alumino-silicate minerals the
quadrupolar interactions have the largest effect on line broadening, as dipole-dipole,
quadrupolar-dipole interactions and CSA are relatively small.’*! However, the low
spinning speed of outer rotor, which is less than 1.1 kHz at the Magic Angle, makes
it difficult to reduce all of the non-quadrupolar interactions to isotropic values. This
inefficiency of averaging CSA results in a large number of outer rotor spinning
sidebands. For sillimanite (Fig. 5 .6) and andalusite (Fig. 5 .7) the large CSA of 7Al
in both sites gives rise to intense spinning sidebands. With the increase of DOR outer
rotor spinning speeds, more intensity goes into the centre bands and the intensity
ratio between the centre bands and sidebands becomes larger.

The remaining broadening and low intensity of peaks could be related to short
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transverse relaxation times (T,). When T, is of comparable length to the delay (D,)
for the ring-down of the probe, much of the signal may be lost before acquisition of
the FID. Therefore the sites with larger quadrupolar coupling constants will
produce wider peaks and smaller relative intensities. This could be one reason for
the irregularly coordinated AlOj site in andalusite not being observed. Also the
quadrupolar coupling constant for the octahedral site in andalusite might be so large
(15.5 MHz) that quadrupolar interactions higher than second-order have to be
considered. Thus, DOR may not be sufficient to resolve the peak.

The spectra of kyanite have narrower peaks and also a lower number and
intensity of spinning side bands than those of sillimanite and andalusite. The kyanite
spectrum, with an outer rotor spinning speed of 1100 Hz, was used to study the
intensities of different Al sites. In kyanite there are four octahedral sites with the
equal Al occupancies®? which should theoretically give peaks of equal intensities,
The relationship between the relative intensities of the four Z’Al peaks and
quadrupolar coupling constants was investigated. A plot of relative intensities of the
central isotropic lines (not including the sidebands) (I) against C, in MHz for kyanite
can be fitted to the exponential curve using a least-square method, with standard
deviation of 0.02 (Fig. 5 .8):

I = 3.57 exp( -0.352C, ) (5.4)
For sillimanite the centre band intensity of Al peaks is again greater for the site
with the smaller quadrupolar coupling constant. The difference in signal intensity in

kyanite and sillimanite is therefore mathematically related to the quadrupolar
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Fig. 5. 8. A plot of the relative intensities (I) of the four Al peaks in kyanite against

the quadrupolar coupling constants (Cg) in MHz.

lA

1.0}
0.8}
0.6}
0.4}

0.2}
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coupling constants of the sites.

5. 4. CONCLUSION

DOR techniques allow the resolution of four peaks in the ¥Al spectrum of
kyanite due to the four octahedrally coordinated sites and of the two peaks relating
to the octahedrally and tetrahedrally coordinated sites in sillimanite. In andalusite
only the peak due to the five-coordinate site could be determined as the C, for the
irregular octahedrally coordinated site is too large for the present technology of the
DOR probe to resolve. Isotropic chemical shifts are calculated from quadrupolar
parameters obtained from single crystal NMR and from the peak positions in the
DOR spectra. The relative intensities of the peaks in the kyanite spectrum have an

exponential relationship with the quadrupolar coupling constants.
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6. 1. INTRODUCTION

Scapolites are framework aluminosilicates with tetragonal symmetry and a
widespread geological occurrence.®! They can be regarded as a solid solution
between marialite (Ma), Na,Al,8i,0,,Cl, and meionite (Me), Ca,AlSi0,,CO,.[-162
Another known end-member is Ca,AlSig0,S0, 5 In this thesis only the
scapolites within the Ma-Me solid solution series are studied. At compositions
between these two end members scapolite is structurally complex. The general
formula is established as M,T;,0,A,* where M = Na*, Ca?*, K* or Mg**, T =
Si**, AP*, Fe’*, and A = CI, CO;* or SO, anions plus OH~6

The main substitution is believed to be Na* + Si** « Ca®* + AP* across the
series. Shaw et al. " used percentage of meionite, % Me = 100-Ca/(Na+ Ca), as
the chemical index to indicate the chemical compositions of scapolites.’66
Between 0 and 75% meionite, the substitution is between Ca,Al,CO, and Na,Si,Cl,
but from 75% to 100% Me, it only involves CaAl and NaS$i.®”! Ambiguities arise

when only Me content is used as a composition index. At high Me content there is
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Al deficiency, which means that the measured Al/Si ratio is smaller than that
calculated from the theoretical solid solution. Also, the role of the hydrogens,
present in scapolites, is not clear in the structure, as to whether they are present as
(or in) cations, anions or molecules. Therefore, the calculation of Me content is not
reliable. The problem is further complicated by the fact that samples with similar
composition but different conditions of formation, may have structural differences.
Samples from the same locality also showed up to 40% difference in Al/Si ratio
when analyzed by separate groups. For example, sample MONT from Pianura,
Monte Somma Vesuvius, has been analyzed by many groups. The Al/Si ratio of one
sample worked on by Scherillo is 1.48 ©®* while the Al/Si ratio of another sample
from the same locality analyzed by Evans et al. is 1.09.% The same thing happens
with sample ON8.®*%! For our study here, the samples are from the McMaster
University and they have been carefully prepared and analyzed.

In terms of crystal structure, scapolites are interesting because of the presence
of five-membered rings (Fig. 6. 2). The "unstable Al-O-Al linkage" ®* will form in
scapolites with compositions greater than 37.5% Me and it is found that this "Al-
linkage avoidance rule" is not the main factor to determine the crystal chemistry of
scapolites. Also the unusual structural aspects, such as disordering of Al/Si
framework and carbonate group in the voids and its effects on the crystal symmetry,
has attracted the attention of many researchers.

Many techniques have been applied to analyze the scapolite minerals,

including X-ray diffraction, wet chemistry, infrared spectroscopy, electron microprobe,
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isotope composition®®'%, jon probe analysis®®'", high-resolution transmission-electron
microprobe®'?, electron paramagnetic resonance (EPR)®'¥ MAS NMRS“, Each
technique has its own advantage and each provides complementary pieces of
information. NMR can be used to observe directly the ordering of the Al/Si
framework cations, alkali cations and anions.

The former NMR study by Sherriff et. al is based the fitting of some *Si MAS
NMR and an ordering model has been established based mainly on this.'"'¥ As the
resolution of MAS NMR of *Na and ¥Al is low for scapolites, these spectra did not
supply much additional information. In this study the new technique of DOR NMR
is used to restudy *Na and Al Also the proton contents of ten samples are

analyzed and '"H NMR spectra obtained.

6. 2, THE CRYSTAL STRUCTURE OF SCAPOLITE

The first structure models of scapolite were reported by Pauling in 1930.61
In the mid-1960’s the structures of a Na-rich (19.4% meionite) and a Ca-rich (70.1%
meionite) scapolite were refined in the space group of I4/m by Papike et al[161617
The space group of scapolite is a function of composition. In the early 1970’s, Lin
and Burley reported three additional structural refinements (21.3% Me, 52% Me and
93% Me) using the space group of P4,/n.**** Ulbrich also used this space group

for a 93% Me scapolite 162!
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In these space groups there are three tetrahedral sites (Ty, T, T,) among
which Si and Al may be distributed. Each T cation is surrounded by four atoms of
oxygen in tetrahedral coordination. The tetrahedral sites form two kinds of four-
membered rings perpendicular to the c-axis: one only contain T, tetrahedra and the
other alternating T, and T, sites. The four-membered rings also form two distinct
types of oval-shaped channels parallel to the c-axis: the first of which contains either
Na* or Ca’* cations while the second contains the anions, such as CO,?, CI' (Fig. 6.
1.). Viewed along the a-axis, a five-membered ring consisting of two T,, two T, and
one T tetrahedra is presented (Fig. 6. 2). The T, and T, sites are geometrically
identical in the I4/m space group and their positions are slight different in the P4,/n
space group. From the view point of NMR environments, they are also magnetically
equivalent.

Theoretically, the end-member, meionite, contains 50% Al and 50% Si atoms.
Half of the five-membered rings must contain three Al and two Si tetrahedra, and
half contain two Al and three Si tetrahedra. In the former case, one oxygen must
connect two Al atoms and form an "Al-O-Al" linkage, which breaks Lowenstein’s
rule.®?  Actually, the Al-O-Al linkage is inevitable when [Al]/([Al] + [Si]) >
5/12524

Al-Si ordering structure of the whole series have been presented by Lin and
Burley®®”. Their models are mainly inferred from the $i-O bond lengths of T,, T,
and T, sites of single crystal X-ray diffraction refinement. According to their models,

Al-Si has perfect ordering at 37% Me content. The Si/Al ratio is 2 : 1 and Al are
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Fig. 6. 1. The structure of scapolite viewed along c-axis.'**¥

O Cl,C05,S04
@ Na,Ca,K
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6. 2. The structure of scapolite viewed along a-axis.
Fig. 6. 2.
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onlyinT, sites while T, and T, sites contain only Si. With smaller Me content
(<37% Me), T, contains only Si, while Al and Si are disordered between T, and T;.
When Me content is higher than 37%, Al and Si are randomly distributed in all these
T sites. For the end-member meionite, there are equal amount of Al and Si in all

these three T sites.

6. 3. EXPERIMENTAL

6. 3. 1. Powder X-ray Diffraction Analysis

A series of powdered scapolite samples with compositions between 21.3% and
91.0% Me, covering the entire range of naturally occurring compositions, were used
for this study (Table 6. 1). As scapolite is very difficult to separate from associated
minerals, such as quartz, calcite, nepheline, alkali feldspar and plagioclase,”®" powder
X-ray diffraction was done to check the purity of the samples. A SIEMENS
Automated Powder Diffractometer System DS5000, which is capable of filtering out
the Cu Ka, line, line was used for the analysis ( Ko, A = 1.5406 A). A slow scan of
(0.02° per second in the 26 range of 20 to 29° was used with a generator setting of
40 kV and 35 mA. The 26 scan range was chosen to just cover the non-overlapping
strong reflection peaks of nepheline, scapolite, feldspar, sodalite and NaCl in order
to have good enough resolution to identify them. The results were compared with
the published powder patterns of these minerals.

6. 3. 2. Water Content Measurement
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Table 6. 1.

Scapolite samples used for NMR analysis®'¥

Sample# “HMeionite Rock Type

Locality

ONS
TANZ
ON7
GL
ONT70
CA63A
MAD
Q26
Q13
MIN
ON27
Q85
BOLT
ON47

HMONT

* Donated by B. M. Shaw,

Chemical

21.3
29.5
33.3

34.1

39.5

44.5

45.2

48.2

51.3

56.8

59.3

65.2

69.5

79.6

91.0

syenite pegmatite
hbl.px.granulite
calcaréous gneiss

marble

Pegmatitic skarn

Pegmatitic skarn
Px. gneiss

Skarn

Pegmatitic skarn
Pegmatitic skarn

Marble pegmatite

Gooderham,

1
Horcongoro, Tanzania.

ﬂdnmouth Twp,. Ontario.

Glamorgan Twp. Ont.

Gib tLake, Pontiac Twp, Ontario

MpWapwa,

Tanzania.

Grind Calumet Twp., Quebe

Madagascar.

Clapham

Huddersfield Twp..Ontario

Minden.

Twp, Quebec

Ontario.

Qlmsteadville,

New York,

Huddersfield Twp., Quebec

Bolton,

Hass. .

Calc.silicate schist Slyudyanka,

Vugs in limestone

analyses from Evans et al.

Localities from Shaw 1960a

** Donated by D Moecher, University of Michigan.

Analyses from D Moecher (personal
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Mount Vesuvius,

HcMaster University.

1969.

U.S.A.

Siberia. U.

Naples, |

communication).

C.

U.S.A

S.5.R

taly **



The water content of scapolite samples were measured with the Mitsubishi
moisturemeter Model CA-06. About 100 mg of powder samples, contained in an
open tube, were placed in an oven at 200°C for two days to drive off the surface
water. During the measurements, the sample is heated in a furnace at 900°C so that
water and hydroxyl could be driven out in less than 30 minutes. The water from the
sample reacts with iodine which is generated electrolytically:

L, + SO, + H,O «— 2HI + SO,
By measuring the electricity consumed in the reaction, the amount of jodine
generated is known and therefore the water released from the sample can be
calculated.

Water background was measured and calibrated between each three
measurements. A standard sample was checked before and after all measurements,
which showed the precision of the water measurement to be better than 5% (Table
6. 2).

6. 3. 3. NMR experiments

MAS spectra were acquired for *Na and *Al for all the samples at both the
magnetic fields of 8.4 T and 11.7 T. The delay between pulses was 0.5 s and pulse
lengths were 1 us. Three thousand FID’s were acquired for MAS experiments and
the rotor spinning speeds were all about 7 kHz. 2Na and Al DOR spectra were
acquired at 8.4 T for all the samples with outer rotor spinning speeds of 700 Hz and
800 Hz. ?he synchronization pulse technique was used to remove the odd number

spinning sidebands (see Chapter Three). The circuit delays for 700 Hz and 800 Hz
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Table 6. 2. Proton weight percentages in scapolites.

sample Me% sample water weight proton proton weight
weight (mg) (ug) weight (ug) concentration
(100%)
| TANZ 29.5 50.2 72.2 8.0 0.016
ON7 333 97.9 309.7 34.4 0.035
GL 34.1 93.0 3289 36.5 0.039
I oN70 | 395 93.6 98.9 11.0 0.012
|’ CAG63A 445 98.6 192.8 214 0.022
l MAD 45.2 80.0 114.1 127 0.016
Q26 48.2 92.8 206.8 23.0 0.025
| Q13 51.3 97.5 220.7 24.5 0.025
" MIN 56.8 98.0 177.6 19.7 0.020
" ON47 79.6 94.7 243.4 27.0 0.029

Checking with standard samples, the accuracy of water measurements is found to be

about 5%. In terms of proton weight concentration, the error is smaller than

0.002%.
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were47 us and 40 ps, respectively. The delay between pulses was 1's and the pulse
lengths were 2 us. About five hundred FID’s were accumulated for each DOR
experiment. *Na DOR NMR spectra were collected for twelve of the samples, 7Al
DOR NMR spectra were recorded for thirteen of the samples. The chemical shifts
of ®Na were measured with reference to 1 M aqueous solution of NaCl, and those
of Al with reference to [AI(H,0)** in a 1 M aqueous solution of AICL,

'H NMR spectra were measured on all the samples using a liquid NMR probe
and varying the temperature from 375 K to 245 K. The spectrum of an empty rotor
was measured and later subtracted from the 'H spectra of scapolites to remove the
background signal. The peaks were measured with reference to tetramethylsilane
(TMS).

Peaks were fitted to the ”Al DOR NMR spectra using a least-square iterative
curve-fitting program "MDCON" written for the combination of Lorentzian and
Gaussian line shapes on the Bruker AMX500 spectrometer. The width of the peaks
at half height (PWHH) was not constrained by the program. Peak fitting was also
domne using the program "NMR286" on a 486 PC with constrained and unconstrained
PWHH. In a fitting procedure with unconstrained PWHH, the estimated number of
peaks, peak positions and PWHH are input as a starting point. Later the number
of peaks, peak positions, peak intensities and PWHH are optimised by the program.
For a constrained PWHH fitting procedure, PWHH is set at a certain value for all

the peaks and the lineshape of each peak is chosen as Lorentzian.
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6. 4. RESULTS AND DISCUSSION

Powder X-ray diffraction results showed that samples ON7, TANZ, ON70,
MAD, CA63A, Q13, ON27 were pure; GL contains a significant amount of albite;
Q26, MONT, ON8 and MIN have a small amount of albite; ON47 has an impurity
which has not been identified; MIN and ONS8 contain solid NaCl.

The ®Na spectra are shown in Fig. 6. 3. and Fig. 6. 4. and the results are listed
in Table 6. 3. From Fig. 6. 3, it can be seen that the DOR NMR spectral resolution
is much higher than that of the MAS experiment and the peak widths of DOR
spectra are reduced by a factor of three to four.

There is only one ®Na DOR peak in the spectra of all the samples of
scapolites. It is at about -20 ppm with a peak width of about 750 Hz. Sample GL
(34.1% Me) has a second narrow peak at -28 ppm, which is considered to be ®Na in
the albite impurity in the sample. The broad width of the peaks could be caused by
the disordering of Al/Si tetrahedra in the T sites, which are close to the Na cations.
A similar effect has been observed in the analcime-pollucite mineral series,

The *Na MAS NMR spectra at two magnetic field strengths have similar
lineshapes and widths except for sample ONS8, which has the highest Na content and
a narrower peak. Assuming that there is only one Na crystallographic site in the
structure, the quadrupolar parameter QCC (Cy(1+7%/3)"?) was calculated through
the difference of the centre of gravity of the ?Na MAS NMR peaks at the two

magnetic field strengths (Table 6. 4), using the method described for tugtupite in
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Fig. 6. 3. Comparison of ®Na MAS and DOR NMR spectra of scapolite.

56.8% Me

MAS

DOR

ppm 20 0 -20 - 40 -60
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Fig. 6. 4. ”Na DOR NMR spectra of scapolites.

opm 20 0 20 ~40 60
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Table 6. 3. Comparison of ®»Na MAS and DOR Peak Width at Half Height.

| sample | Me% |DOR (847T): Hz | MAS (84 T): Hz | MAS (117 T): Hz
lL On8 213 830 1730 1290
TANZ | 295 750 1950 1370
On7 333 740 1940 1410
GL 34.1 710 1920 1430
CA63A | 445 860 2000 1460
Q26 482 860 1930 1440
Q13 51.3 740 1790 1400
Min 56.8 780 1970 1450
ond7 | 796 640 1940 1400
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Table 6. 4. 2Na MAS and DOR Peak Positions.

sample | Me% | DOR (84T) | MAS (84 T) | MAS (1L7T) | QcC (MHz)
ppm ppm ppm
On8 213 -19.9 -19.8 -13.7 2.1
TANZ | 295 -21.4 213 -14.2 23
On7 333 215 214 -14.4 2.3
GL 34.1 21.7 -20.6 -14.6 2.1
CA63A | 445 215 -21.9 -14.7 23
Q26 48.2 -20.5 -20.3 -14.1 2.2
Q13 513 21.2 -20.4 -14.6 2.1
MIN | 568 -20.6 21.0 -14.5 22
On47 | 796 -19.3 -20.3 -14.6 2.1

as,

2
aby = 1329-Co(1 + %—) = 1.329(QCC)?

AGQ

C =
ec 1.329
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Chapter Four. The QCC value of 2.2 & 0.1 MHz means that there is a large electric
field gradient at the Na nucleus, that the Na* cation is in a distorted environment
and that the site symmetry does not appear to change substantially through the
scapolite series. This agrees with the changes in symmetry of the Na site shown by
bond-lengths and bond-angles from X-ray diffraction (Fig. 6. 5).6

Sample ON47 (79.6% Me) has a chlorine content of less than 0.1%, therefore,
there could not be any Cl" anions connected to Na* cations and Na* must be
adjacent to a carbonate group. As the peak position and linewidth of 2Na in ON47
are not significantly different from those for the other samples, there could be two
possibilities : first, Na* cations are only connected to carbonate groups and CI
anions are bonded to Ca’* cations or bonded to 'H in HCO, groups " second, the
peak position and linewidth of Na are not sensitive to the substitution of CO,> for
Cl" anions. At the present time it is not possible to decide between these
alternatives,

There is another distinct peak for Na MAS and DOR spectra of sample ON8
and MIN. The position is 7.0 ppm. From the chemical shift, linewidth and the
difference of observed chemical shifts in two magnetic fields (8.43 T and 11.7 T), it
is found to be NaCl solid. The thin section of the two samples have been checked
carefully under a microscope. No inclusions or small cubic crystals of NaCl are
observed. It could be that there are NaCl structures within the voids of scapolite or
some sort of sample contamination.

The resolution is much higher for Al DOR spectra than from MAS NMR
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spectroscopy (Fig. 6. 6)%' with two overlapping peaks resolved for eleven of the
samples (Fig. 6. 7). As the DOR experiment averages the anisotropies of chemical
shift, dipole-dipole and quadrupolar interactions to second-order, in the central band
the remaining line broadening of the peaks are mainly due to the chemical shift
distribution.

As mentioned before, T, and T, sites are magnetically equivalent and will give
a single peak in NMR spectra. In the following discussion T, is used to refer to
both of the sites.

Al tetrahedra in Ty, sites have two possible environments: Al(4Si) and Al(3Si
1Al), which means the next nearest tetrahedra are four Si and three Si one Al,
respectively. For example, in sample ON7 (33.3% Me), according to the Si-O bond
lengths from X-ray diffraction data, T, is mainly occupied by Al atoms, while T, and
T; are full of Si atoms. Each T, site is connected to three T;, and one T, sites (Fig.
6. 1, 6. 2). There should be mainly T,Al(4Si) sites. However, as there is some Al
substitution into T, sites, there should be some T,Al(3Si 1ALl) sites. Al(2Si 2A1) site
is energetically unfavourable because it will form Al-O-Al bonds, which is against
Lowenstein’s Law.®®? Also there is a deficiency of Al content (smaller Al/Si ratio
with respect to Me content) which further reduces the possibility of forming such
kind of sites.®"! For high Me content, such as MONT (91.3% Me), there might be
Al(25i 2Al) or even Al(1Si 3Al) sites, but their intensities will probably be too weak
to be observed. Therefore, only four magnetically non-equivalent Al sites are likely

to be observed in the scapolite mineral series.
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Fig. 6. 6. Comparison of ’Al MAS and DOR NMR spectra of scapoite.
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Fig. 6. 7. ®Al DOR NMR spectra of scapolites.

ppm 80 60 40 20
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With four Si tetrahedra as next nearest neighbours, Al(4Si} is in a more
symmetrical environment than that of AlI(3Si 1Al) and thus is likely to have a smaller
electric field gradient. The quadrupolar coupling constant of the Al(48Si) site should
be smaller than that of the AI(3Si 1AI) site. Assuming Al(48i) and AI(3Si 1Al) sites
have similar isotropic chemical shifts, the negative quadrupolar shifts will move the
observed position of the Al(3Si 1Al) site to a less shielded field (low field) than that
of the Al(4Si) site.

Peak fitting was done using both "MDCON" and "NMR286" for all the ZAl
DOR spectra with unconstrained PWHH. The results are similar. For all the Al
DOR spectra of scapolites except ON47 (79.6% Me) and MONT (91.3% Me), two
peaks were resolved: one has a PWHH of about 500 Hz and the position around 56
ppm while the other one has a PWHH from 1200 Hz to 1500 Hz and the position
of 49 ppm (Table 6. 5). As the Me content increases, the intensity of the broad peak
increases until the two peaks collapse to be one symmetrical peak at 79.6% and
91.0% Me and the peak position of 54 ppm is the average of the two.

X-ray results indicate that in a low Me content sample, such as ONS, there
should be no Al in the T, site. The single narrow Al peak of ON8 at 56 ppm must
be assigned to Ty, Al(4Si). Thus, the narrow Al peak in all the DOR NMR spectra
is due to T,; Al(4Si). The broader peak is considered to be the overlapping of three
peaks : Al(3Si 1Al) site of Ty, Al(4Si) and AI(3Si 1Al) sites of T;. In order to
investigate the above hypothesis, further fittings with constrained PWHH using the

"NMR286" program were performed for all the Al DOR spectra. As in the

117



Table 6. 5. Al DOR NMR fitting results with unconstrained PWHH.

sample | Me% | Position | (ppm) Width 1 (Hz) Relative | Intensity
1 2 1 2 1 2
On8 213 55.7 50.9 470 860 0.6 0.4
TANZ | 295 55.5 48.3 450 1270 0.4 0.6
On7 333 55.1 47.7 470 1420 04 0.6
GL 34.1 56.6 48.8 400 1110 0.5 0.5
On70 39.5 56.0 48.9 520 1300 0.3 0.7
CAG3A | 445 55.5 48.6 460 1330 0.3 0.7
Q26 48.2 55.2 49.1 550 1300 0.3 0.7
Qi3 513 55.2 48.9 530 1240 0.3 0.7
MIN 56.8 54.9 48.9 580 1170 0.3 0.7
On27 59.3 54.8 48.2 700 1040 0.4 0.6
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unconstrained fittings mentioned above there is a narrow peak of 500 Hz assigned
to be Al(45i) across the whole scapolite series; the PWHH was fixed at 500 Hz for
all the four peaks in the central bands of the DOR spectra. The results are listed
in Table 6. 6. As the Al relative peak intensities depend on other factors besides
the site occupancy ratio, such as the size of C, (Chapter Five) and rotor spinning
speed,®* these fittings give qualitative results, which will elucidate some of the Al/Si
framework disordering structure.

As the T, site is quite different from T,,, peak one (57 ppm) and two (51
ppm) are assigned as Al(4Si) and Al(3Si 1Al) of T,;, and peak three (42 ppm) and
four (33 ppm) for Al(4Si) and Al(3Si 1Al) of T, respective. With the increment of
Me content, more Al goes into T, sites and the relative areas of T, sites increase
from 35% (TANZ, 29.5% Me) to 45% (MIN, 56.8% Me). This increasing trend of
Al in T, sites agrees with the X-ray diffraction results.

In a unit cell of scapolite, there are twelve T,, six T, and six T, tetrahedra.
In the end-member meionite there are equal amounts of Si and Al tetrahedra and
Al is evenly distributed among T,, T, and T, sites. Thus, as the Me content
approaches 100%, the Al peak of T, and T,; should have equal intensities. They will
form one symmetrical peak with the peak position at the average of the two. This
happens in the Al DOR NMR of sample ON47 and MONT. Another possible
explanation is that ON47 and MONT have different structures from the other
scapolites. As we study the DOR spectra of these samples, it is found that there are

three different kinds of lineshapes: the first one is ONS, which has a symmetrical
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Table 6. 6. Fitting results of ”’A1 DOR spectra of scapolites with constrained PWHH

of 500 Hz.

sample | ME % peak positions (ppm) relative intensity

1 2 3 4 1 2 3 4
ONS8 23.1 58 52 44 043 | 0.37 | 0.20
l 58 53 48 040 [ 038 022

I TANZ 29.5 57 52 43 34 1038 [027 {019 |0.16
57 50 42 33 1036 {025 |020 |0.19
ON7 33.3 56 50 41 32 037 | 0245 | 020 |0.185
ON70 39.5 57 50 42 3 1031 |025 |[024 |020
CAG63A 44.5 56 50 41 31 1035|025 022 [018
Q26 48.2 58 52 46 38 1029 [028 (023 ]0.20
Q13 513 57 51 43 35 1030 J]027 024 |0.19
57 50 41 31 1030 028 |024 |0.18
MIN 56.8 58 51 44 35 1028 |027 |025 |0.20
59 52 45 37 1029 | 027 |[024 020
ON27 59.3 58 51 44 37 1029 [030 [023 |[0.18
ON47 79.6 61 55 50 44 1022 | 031 0.27 {020
61 55 50 44 020 [031 |[028 021
MONT 91.3 60 53 44 28 1030 {032 022 {016
63 57 51 44 1023 1032 1027 |017
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peak around 57 ppm with a very small shoulder at the low field end (PWHH = 600
Hz); the next one is from Tanz to ON27, where all the Al DOR spectra consist of
two overlapping peaks, one broad and the other narrow; the third one is the DOR
spectra of ON47 and MONT, which has a symmetrical broad peak (PWHH = 1100
Hz) around 55 ppm. It is more clear to see this from Table 6. 6, This distribution
corresponds to the differences in the *Si MAS NMR spectra obtained by Sherriff.!*)

Another interesting thing is that Al starts to go into T, tetrahedra at the Me
content of 23.1%. This resuit is against the ordering model of Lin and Burley.?'
According to their model, there is no Al in T, sites until after 37.5% Me content and
at 37.5% Me content the Al/Si framework is most ordered. As Si and Al atoms have
similar X-ray diffraction scattering factors, it is difficult to detect a small amount of
Al. Neutron diffraction data is needed to check our DOR NMR results.

The water contents of ten scapolite samples are listed in Table 6. 2. 'H solid
state NMR showed that there was a small peak at around 7 ppm superimposed on
a broad base line peak for all the samples. If there are mobile water molecules in
scapolite, they would give a strong narrow signal similar to the one seen in the
zeolite chabasite.®*! Therefore the proton could be in the form of HCI, HCO;,
(OH) or HSO,. As the states of protons and their roles in charge balance are
crucial in crystal chemistry calculations, such as bond valence calculations, '"H MAS
or even 'H CRAMPS experiments are recommended to clarify this.

The Al/Si ordering model of Lin and Burley 7 needs to be revised in the

light of this new data. However, the NMR data are insufficient to establish a new
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model and further experiments, neutron diffraction data and even higher resolution

NMR data are needed.

6. 5. CONCLUSION

The new NMR technique, DOR, is used to study the Al/Si framework and Na
cation ordering problem in scapolites. Different ways of fitting peaks to the spectra
have been done to investigate the possible explanations. The new data do not agree
with the ordering model from single crystal X-ray diffraction. Al is believed to
substitute into T, sites with Me content higher than 29%. The perfect ordering

model at 37.5% of Lin et al. (1973) needs revising. New data on proton contents are

obtained. Further experimental data are required to elucidate this challenging

problem,
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