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Abstract
Solid-State Nuclear Magnetic Resonance Studies of Cross Polarization
from Quadrupolér Nuclei
by
Susan Margaret De Paul
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Alexander Pines, Chair

The development of solid-state Nuclear Magnetic Resonance (NMR) has, to a
large extent, focused on using spin-1/2 nuclei as probes to investigate molecular structure
~and dynamics. For such nuclei, the technique of cross polarization is well-established as a
method for sensitivity enhancement. However, over two-thirds of the nuclei in the
periodic table have a spin-quantum number greater than one-half and are known as
quadrupolar nuclei. Such nuclei are fundamental constituents of many inorganic materials
including minerals, zeolites, glasses, and gels. It is, therefore, of interest to explo.re the
extent to which polarization can be transferred from quadrupolar nuclei.

In this dissertation, solid-state NMR experiments involving cross polarization
- from quadrupolar nuclei to spin-1/2 nuclei under magic-angle spinning (MAS) conditions -
are investigatéd in detail. The behavior of the central transition of a quadrupolar nucleus
under a low-power radiofrequency spin-lock field is examined both experimentally and
with numerical simulations. Complications in choosing the matching spin-]oék field
strength for the spin-1/2 nucleus are discussed. The dynamics of the cross-polarization
process are characterized in a model compound (low albite) and a protocol for optimizing
the polarization-transfer efficiency is presented. Significant enhancement of 29Si NMR
sensitivity by using 27 Al-t0-2%Si and 23Na-to-2°Si cross polarization is demonstrated in
several inorganic compounds.

This sensitivity enhancement permits otherwise impractical two-dimensional
NMR experiments to be performed. Cross polarization from quadrupolar nuclei is
incorporated into experiments designed to correlate the isotropic and anisotropic parts of

the chemical-shielding tensor. Several different pulse sequences for performing such



correlations under magic-angle spinning conditions are analyzed and compared. Cross
polarization from quadrupolar nuclei is also combined with the recently-developed
Multiple-Quantum Magic-Angle Spinning (MQMAS) experiment to create a new
technique for measuring heteronuclear correlation spectra.

In addition, the motion of cyclopentadienyl rings in four organometallic solids is
studied by variable-temperature NMR, and two-dimensional exchange spectroscopy is
used to demonstrate that sigmatropic rearrangements occur in  the
monohaptocyclopentadienyl groups of Hf(nS-C5H5)2(n1—C5H5)2. An experiment which
demonstrates that a rapid mechanical sample reorientation leads to a time reversal of

radio-frequency driven spin diffusion among e spins is also presented.
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Chapter 1: Introduction

This thesis primarily describes studies of the transfer of pola;ization from
quadrupolar nuclei to spin-1/2 nuclei in high—ﬁeld, solid-state Nuclear Magnetic
Resonance (NMR) spectroscopy. In the first chapter, the underlying quantum-mechanical
theory will be reviewed, and the manifestation of physieal interactions in NMR spectra
will be discussed. In Chapter 2, an example of the use of conventional solid-state NMR
spectroscopy to characterize chemically interesting processes will be presented. Chapter 3
will describe experiments, simulations, and theory pertaining to the spin -Jocking of
quadrupolar nuclei in rotating samples. The information obtained from these studies can
be used to optimize cross-polarization experiments as will be vshown in Chapter 4.
Applications of this technique will be demonstrated in Chapters 5 and 6. Finally, a proof-
of-principle experiment which demonstrates that “spin diffusion” can be refocused by

macroscopic sample reorientation will be presented in Chapter 7.

1.1 Quantum Fundamentals

One of the most exciting aspects of NMR from a spectroscopic point of view is the
success of quantum mechanics in describing the behavior of nuclear Spins in a magnetic
field. Quantum effects can be seen more clearly in NMR than in many other branches of
physical chemistry, and the effects of complicated combinations of pulses and rotations
can be straightforwardly simulated. In this section, some basic ideas from quantufn
mechanics will be reviewed. The description provided in this thesis is neither self-
contained nor complete; in particular, a knowledge of Dirac notation is assumed. In-depth
treatments of the topics presented in this section can be found in introductory books on
quantum mechanics'?? in monographs on NMR#%6789 and in preQious theses from this

group. 10,11



1.1.1 Density Matrix

In quantum mechanics, a particle is described by a wave function or state vector,
[¥(t)). Although the wave function itself does not have a simple physical interpretation, it
contains all of the information necessary to describe the particle. The wave function

changes with time according to the Schrédinger equation
., d '
ih g [¥®) = A1) [¥(1)) (1L.1)

where H(t) is the Hamiltonian operator, which describes the energy of the system.
Although, in general, the solution to the Schrédinger equation can be non-trivial,
the problem is greatly simplified for the case of a time-independent Hamiltonian. In such

a case, straightforward integration of Equation (1.1) gives

1) = e o). (1.2)

It is possible to find a set of orthonormal state vectors, {|¢,)} , which are eigenvectors of

the time-independent Hamiltonian. These state vectors obey the equation
Ho,) = Elo), (1.3)

where the terms, {E.} , are known as the eigenvalues of the Hamiltonian and correspond
to the allowed energy levels for the particle.

A quantum-mechanical projection operator can be defined as follows
P, = 100} | (1.4)

When this operator is applied to a state |¥(t)), it gives the orthogonal projection of ['\F(t))
onto I(pi). Using this projection operator, one can expand an arbitrary state, ['F(t)), in

terms of the basis of eigenvectors of the Hamiltonian

IF®) = YIoXeIPO) = Y c0lo;). - as)



This procedure is analogous to the more familiar case of describing a vector in Cartesian
space by its projections onto the orthogonal x, y, and z axes.

While the above description of a system in terms of state vectors works well for
the case of a single particle, it is not well-suited to describing collections of particles. In
NMR, however, one always records the signal from a large number of spins. It is,
therefore, desirable to have a formalism that explicitly takes into account the statistical
nature of the system. Such a formalism is provided by the density matrix.>*12

The density operator is defined as

p() = 3 pJ¥ OXF, O, - (1.6)
k

~ where py is the probability that the entire system is in a state ['¥', (1)) . Note the functional
similarity between Equation (1.6) and the projection operator of Equation (1.4). In this
case, however, the state that is being projected onto is not necessarily an eigenstate of the
Hamiltonian but is the linear superposition of eigenstates that describes the current state of
the system. |

If one expands I‘I’k(t)) in the eigenbasis of the Hamiltonian (see Equation (1.5)),

Equation (1.6) becomes
® = 33 3 p.cie; ®lo)o| (1.7)
pt) = £ 'Pk i i ?, (Pj- .
i ] )
Explicitly taking the ensemble average gives
ORI W OLAIGIEMCRE (1.8)
i

The statistical nature of the density operator is clearly evident in Equations (1.7) and (1.8).
The matrix elements of p(t) in the eigenbasis of the Hamiltonian can be found

using Equation (1.8). The diagonal elements



(0 lpW®l0,) = ZZc(t)c *O(P 0510,

ZZC Oc*©8;,8;, | (1.9)

= [en(®]”

express the population of a given state |¢,_), while the off-diagonal elements

@ulPOl,) = zzcia)cj*(t)<<pm|(pi>‘<<p,.|<p,,>

ZEC e * (08,8, (1.10)

c (e *(1)

express a “coherence,” or interference, between two eigenstates |¢ ) and |¢_). The
concept of a coherence will be discussed in more detail in Section 1.5.1.
The time evolution of the density operator is described by the Liouville-von-

Neumann equation

inSp) = [24(1) p(0) (1.11)

which can be derived from Equations (1.6) and (1.1). Equation (1.11) can be solved

analytically to yield

p(t) = UMpO)Ut(H) - (1.12)

where the propagator U(t) is defined as

i
—_ t)dt’
rzf,"( ) }

(1.13)

and the Dyson time-ordering operator, T, specifies the order of evaluation of operators.'*!4



The form of the initial density matrix, p(0), in Equation (1.12) depends on the

condition of the system. For a general system in thermal equilibrium, it is given by

—H/ky T

—_ € . |
pO) = — (1.14)

where # is the Hamiltonian describing the energy levels of the system, kg is the
Boltzmann constant, and Z is the partition function

~H/k, T
Z = Tr{e .o (1.15)

Again, the statistical nature of the density operator is readily apparent. In NMR, the
energy level spacings are typically very small compared to the temperature at which the
experiments are performed. Even for protons with a resonance frequency of 600 MHz,".the
Larmor splitting is only hv, = 3.97x10°°J while the room-temperature thermal energy

is kgT = 4.1 1x1072'7. This permits one to expand Equation (1.15) as

pFO)z%(1—é{f) (1.16)

where 1 is the identity operator. Since the identity operator can neither evolve with time
nor be detected in an NMR experiment, it is customarily dropped from calculations.
Expectation values can be calculated by using density matrices. Generalizing the

expectation value from the Schrédinger representation to an ensemble of spins
(A) = Y (W DIAIY (D) (1.17)
k

and expanding the wave functions over the basis I(pi) (see Equation (1.5)) gives

(A = T Y pie” OO, Alp)
k i

.chj*(t)cj(tx(plel(pQ .
LI

(1.18)



Yet the ensemble-averaged term in Equation (1.18) is simply an off-diagonal element of

the density matrix (see Equation (1.10)). Equation (1.18) therefore becomes

(A) = 3 ¥ (0lp®lo)ojAle)
ij
= Y (olp(Al) (1.19)
= Tr {p(HA}.

Equations (1.19) and (1.11) are used frequently in NMR to calculate the observable

magnetization resulting from the application of various Hamiltonians.

1.1.2 Interaction Representation

The behavior of a spin system under rf pulses and sample. rotation can be
determined by solving the Liouville-von-Neumann equation (Equation (1.11)). Often,
however, the problem can be considerably simplified by using the interaction
representation to change the frame of reference. This is routinely done in NMR in the case
of the rotating-frame transformation, in which the reference frame is shifted from the
stationary laboratory frame to a frame that rotates with the Larmor frequency (see Section
1.2.2). In such a frame, the formerly precessing magnetization will appear stationary, and
the effects of rf pulses become particularly simple to describe.

The interaction representation is described in several books on NMR.>#!5 It can be
expressed in two slightly different formulations, both of which will be presented below.

Transformation to an interaction representation is possible when a Hamiltonian

contains both a time-independent term and a time-dependent term
H= Hy+ H(t). (1.20)

It is then possible to define a unitary operator, R, as

—1Ht/h

R=c¢e (1.21)



With this operator, one can perform a similarity transformation on the density matrix to

create a new density matrix in the interaction frame

p'(t) = RTp()R.

Here, use has been made of the fact that for a unitary operator

Rt = R,

This leads to the property
RIR = R™R =1,

which will be useful in the derivations which follow.

The interaction Hamiltonian is commonly defined as
H(®) = REHMOR

or as

2#(t) = RTHOR - ihRT%ltS.

(1.22)

(1.23)

(1.24) -

(1.25)

(1.26)

Note that inclusion of the term —i#RT (dR/dt) in Equation (1.26) may seem somewhat

arbitrary or unphysical. " However, defining the Hamiltonian in this way allows a

Liouville-von-Neumann equation to be used to describe the evolution of the density

matrix in the interaction frame as will be shown below. The equivalence of Equations

(1.25) and (1.26) can be seen by substituting Equation (1.20) into Equation (1.26) and

using both the properties of unitary operators (Equation (1.24)) and the fact that a given

operator commutes with a function of that operator2



+dR

5(t) =-RT (% + #,O) R - ihRT

-1t/ h
= RWOR+RTa{1(t)R-ihRTC%(e 4t )

(1.27)

| | -5,
HR'R + RIFH(OR - iART —=R

#H,+ RTH (OR - #,RTR

1

RTH,(OR.

With the interaction Hamiltonian defined according to Equations (1.25) and (1.26),
the density matrix in the interaction frame can be described by a Liouville-von-Neumann

equation
inSp0 = o (v.p'01. (1.28)

Equation (1.28) is the same as'(1.11) as can be seen by direct substitution of Equations

(1.22) and (1.25) into Equation (1.28). The left-hand side of Equation (1.28) becomes

d 1 ., a
1 — = ih— (Rt
lhdtp ) lhdt (RTp(tH)R)

.. dRt L odp(D, dR .
— TEPAY T -
ih=3-p(OR +iART=EER + 1ARTp(O
(1.29)

i »
ih(—-QRT)P(t)R+ihRT(mR+ihRTp(t)(_l_OR)
” dt O\

= ihRngit)R RUPOIR,

Similarly, the right-hand side of Equation (1.28) becomes

[+ (1).p'®] = [RTH,ORRIp(OR]

R ()RRTp(HR - RTp()RRT 4, ()R (1.30)

RY[#,(0),p(]R.



Equating the two and operating from the left by R and from the right by RT gives

_ih‘l%t)—[%,p(t)l = [7,0.p0]
» (1.31)

80 = (34 36,0,0(0)

which is the original Liouville-von-Neumann equation (Equation (1.11)).

Note that the above derivations were rigorous and did not require any assumptions
about the relative sizes of #; and #(t). The only requirement was that 7. be time-
independent. Even this requirement need not be satisfied if Equation (1.21) is generalized
to a form similar to that in Equation (1.13) although such cases will not be considered in
this thesis. In many applications of this transformation, however, %, will be the largest
part of the Hamiltonian. In such cases, it is common practice to divide }[1 (t) into a term
which commutes with 9{0, :H‘]; (t), and a term which does not commute with }[0, :7-[11 C(t) ,

as follows

| H @) = )+ }ﬁ“(t) ) (1.32)
The Hamiltonian in the interaction frame then becomes

A = 5w +R HOR. | (1.33)

At this point, a first-order perturbative approximation known as the secular approximation
is commonly made, and it is assumed that the off-diagonal portions of the Hamiltonian are
small enough relative to the diagonal elements that they can be ignored. The Hamiltonian
is then truncated so that only the term }ﬁ(t) remains.” This truncation is done in addition
to the change to the interaction representation and is not a direct mathematical
consequence of the transformation.

Transformation to a different frame will change the time depe'ndence of the
Hamiltonian. In the case of the rotatingFframe transfqrmation (see Section 1.2.2), the
transformation eliminates the time-dependence in the rf term of the lab-frame

Hamiltonian. However, transformation to an interaction frame can also introduce new



time dependences. This is precisely what happens to the terms in the original Hamiltonian
that do not commute with %, when the rotating-frame transformation is carried out.
Time-independent terms which commute with %, remain ti.rrie.-independent, but the non-
commuting terms pick up an additidnal time dependence (see Equation (1.33)), which

often provides further justification for making the secular approximation.

1.1.3 Wigner Rotation Matrices

In addition to being able to change the motional reference frame (by using the
interaction representatibn), itis also convenie}lt to be able to change the coordinate system
to facilitate the solution of a problem. This can easily be done when spherical tensors are

‘used. All of the physical interactions governing NMR spectra can be written in terms of
sums of products of two second-rank tensors, one concerned with spin variables and one
concerned with spatial variables.®” These tensors can then be rotated into the desired
frame of reference by a unitary transformation which can be performed on each
component

U -1

EulerAl, nUEuler

(1.34)

where A, is the n-th component of a tensor of rank 1. The unitary operator, Ukuler
represents a series of three consecutive rotations about different axes by the angles
(a,B,y).71e1718  These angles are known as the Euler angles. Several different
conventions are used in the literature, but the one we will use'¢ is depicted in Figure 1.1.
The results of applying the unitary transformation of Equation (1.34) to each

component of a tensor can be represented by using Wigner rotation matrices

1 .
- M
Rm= 3 Dpn@B A . (1.35)

n=-l

Y

Here, Ry , is a tensor component in the new frame; {A; '} are the components in the old
frame; and DIE )m((x, B,Y) is a Wigner rotation matrix. The Wigner rotation matrices can

be simplified further by writing
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0)) —-i(na+my) , (1) :
D" (0, B,y) = e d B) (1.36).

, M
1 . . . . .
where dlf ZH(B) is known as a reduced Wigner rotation matrix element and is defined

according to's

—ioL -
a® @ = e, m, (1.37)

, M

Table 1.1 lists the reduced Wigner rotation matrix elements for 1=2. Also of interest are

the matrix elements with n=m=0 which can be shown to simplify to'

Dy 5, B, Y) = dg y(B) = Py(cosP) (1.38)

(a’ B’ Y) '
X,Y, 2) - (X, Y, 2)

Figure 1.1 - Euler angle definitions. The first rotation is by an angle o about the Z axis of
the original coordinate system. This changes the positions of the X and Y axes. The
second rotation is by the angle B about the newly-rotated Y axis, and it changes the
positions of the X and Z axes. The third rotation is by the angle y about the newly-rotated
Z axis. The final positions of the axes are given by the labels x, y, and z.
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\m 2 1 0 1 2

- ~ 2
2 (14 S;OSB) —sinB(l—+—§()—s—E) J%Sinzﬁ -sinB(1 _EOSB) (1- iosﬁ)

1 sinB(———1 +;°Sﬁ) coszﬁ—(——1 —;osB) —ﬁsinﬂ} (———1 +;osa)—coszﬁ —sinB(———l —;osﬁ)

R | :
0. A[%sin%i JgsinZB &252‘3—'1 —A/gsinZﬁ Jgsinzﬁ

-1 sinB(1 ——;05[3) (———1 +§°SB)—COSZB /gsin2ﬂ cos2B—(——————1 _EOSB) —sinB(-————l +;os[5)

] 2
2 (1 _iosﬁ)z sinB‘(l%OSB) /gsinzB sinB(l +§OSB) (1 +zosl3)

- Table 1.1 - Reduced Wigner rotation matrix elements dﬁ)n(ﬁ) .

where the Pl(co_sFB) terms are known as Legendre polynomials. The relevant Legendre

polynomials for NMR are the zeroth-, second-, and fourth- rank terms which are given by

Py(cosP) = 1, (1.39)
P,(cosP) = %(3c052'[3— 1, (1.40)

and
. P,(cosP) = é(35co§4[3—30c052[3+3). (141

The Principal-Axis System (PAS) for a given interaction is the frame of reference
in which the space tensor is diagonal. It is, therefore, a convenient representation to use
when describing individual crystallites, but in genéfal it does no-t correspond to what is
observed in the laboratory. The Wigner rotation matrices are used in NMR to relate the
orientation of a given crystallite to the lab frame or to the axis about which the
macroscopic sample is rotated (see Section 1.4). Many examples of their use will be seen

throughout this thesis.
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1.1.4 Perturbation Theory

The derivation of non-degenerate, time-indepeﬁdent perturbation theory can be
found in any textbook on quantum mechanics!? and only the key results will be
summarized below.

Perturbation theory can be applied to solve the time-independent Schrédinger

equation (Equation (1.3)) when the Hamiltonian has the form
H=3H+V (1.42)

where the magnitude of V is very small compared to that of 7 and where the

Schrodinger equation for #; can be solved exactly

Holi) = E{” ). | (1.43)

The eigenvalues of the full Hamiltonian (Equation (1.42)) can then be shown to be

approximated by
E, = EJ.(O) +Ej(1) +Ej(2) + ... : (1.44)
where the first-order correction to the energy is given by
Ej(l) = (jIVIj> . | (1.45)

and the second-order correction to the energy is given by

(2) GIVIky kI Vi) .
Z OO (1.46)
k#] £ —E

For many cases in NMR, only first-order corrections need to be taken into account
to describe the observed spectrum. However, for the case of the quadrupolar interaction

(see Section 1.2.5), second-order terms need to be explicitly considered.
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For time-dependent interactions, other forms of perturbation theory need to. be
considered. These include Fermi’s Golden Rule,? Average-Hamiltonian Theory (AHT),*¢
and Floquet theory.!>2021:22 The latter two are suitable only for periodic Hamiltonians, a
condition which often occurs in NMR. Note that the zeroth-order average Hamiltonian is

given by
0 b ' |
#” = 1 noa (1.47)
To .

where T is period of the cycle. This is equivalent to the result from first-order static
perturbation theory, and the two descriptions will be used interchangeably throughout this

thesis.

1.2 NMR Hamiltonians

While the concepts presented in Section 1.1 are powerful tools for calculating the
quantum-mechanical-behavior of a system, they require a knowledge of the Hamiltonians
that govern the physical behavior of the system. In this section, a brief description is
given of some important interactions in solid-statte NMR and the corresponding
Hamiltonians. The Hamiltonians are expressed in terms of sums of products of spherical

tensors in a manner similar to that described by Haeberlen.67:11

1.2.1 Spin Operators and the Zeeman Interaction

By the laws of angular momentum, a nucleus with a spin-quantum number I has
(2I+1) eigenstates. These states are-labeled by the quantum number m where m has one of
the values {-I, -I+1,...,I-1,I}. In the presence of an externally applied static magnetic field,
these states become non-degenerate due to the interaction of the vspin with the magnetic
field. This interaction is known as the Zeeman interaction and can be described by'the

following Hamiltonian

#H, = —hyB,l, (1.48)
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where v is the isotope-dependent gyromagnetic ratio and By, is the strength of the applied
magnetic field. Here we have used the usual convention that the direction of the magnetic
field defines the z-axis. The operator, I, is the operator for the z-component of the angular

momentum and has eigenvalues and eigenvectors given by
LI, m) = m|l, m). (1.49)

Since the Zeeman Hamiltonian is by far the largest Hamiltonian in all cases discussed in
this thesis, its eigenvectors can be used as a basis set, and all other interactions can be
treated as perturbations to the Zeeman Hamiltonian (see Section 1.1.4). By first-order,
time-dependent perturbation theory,* it is then possible to show that the selection rule fof
magnetic resonance transitions is Am=x1 (although “forbidden” transitions can be excited
to some extent as predicted by higher-order terms in the perturbation expansion). Thus,
‘the NMR transition frequency is w;=-yBy and is known as the Larmor frequency. It
corresponds to the frequency of precession of the spins about the By, field.

The transverse angular-momentum operators, I, and Iy, are important in NMR
since all observable magnetization is proportional to them. They are not diagonal in this

basis, however, and their non-zero matrix elements are given by

? 1 ’ ’ .
(L mLjLm) = 5{«/1(1+1) ~m'(m +1) 8y iy
: (1.50)
+Id+1) -m' (m" = 1) 8 oy } |
and
(L miL L m) = 2 (I D)~ (074 D) 8
y 2i ’
, (1.51)
~ I+ “m (= 1) Sy 1 } -
Often it is convenient to use linear cdmbihations of I, and I as follows
I, = L +il, (1.52)
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I = il (1.53)

The operators defined in Equations (1.52) and (1.53) are known as raising and lowering

operators, respectively, since they change the magnetic quantum number by one

LiILmy = IA+1) —m(m+ 1) |, m+1) o (1.54)

ILm)=JI(I+1) -m(m-1)[Lm-1). (1.55)

The spherical tensor operators that will be used in Sections 1.2.3, 1.2.4, and 1.2.5 can

easily be expressed in terms of the operators I, I_, and I,

1.2.2 Rf Irradiation, Rotating Frame, and Bloch Equations

Transitions between the eigenstates of the Zeeman Hamiltonian can be induced by
application of a linearly polarized rf field perpendicular to the static Bb field. Such a field

can be described by the following Hamiltonian
Hyp = —h2Y;B jcos (Ot + ) I, (1.56)

where 2B;; is the strength of the applied rf field, and ¢ is an arbitrary phase. The
frequency o is the carrier frequency of the rf; to induce a transition, ®c must be rearly
resonant with the Larmor frequency of the I spins (®;). The rf irradiation can be
decomposed into the sum of two circularly polarized components rotating at frequencies
+®¢ and -0, leading to

ioct j

H= Hy+ Hop = ho L +ho[e cel+e

-0t —j¢
€

]I (1.57)

X

which describes the combined effects of the Zeeman and rf fields; note that
®;; = =Y;B;- Only the component of the rf field that rotates in the same direction as the
precessing moment will induce transitions between the Zeeman levels. To see explicitly

how ‘the rf irradiation affects the spins, it is convenient to switch to an interaction
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- representation in which this component is stationary. This can be accomplished by using
it
the transformation R = e Hetle along with Equation (1.26). Equation (1.57) then

becomes

H = k(o - 0c) L, +ho [ (1,056 - sin¢) (1.58)
+ (L cos (2ot +0) —Iysin (20-t+0)).

Note that the coordinate system is right-handed with respect to rotations about ®w;; (which
points in the opposite direction from the magnetic field for spins with a positive
gyromagnetic ratio).* Neglecting the terms: which oscillate with 20 leaves a vstationary
field that the magnetization can precess about. When w; =w¢ (on-resonance irradiation),
this field lies in the xy-plane.

‘ This frame of reference is known as the “rotating frame,” and it is commonly used
to describe NMR experiments. It is more than a mathematical convenience: the mixiné“
process in the receiver of an NMR spectrometer subtracts out the carrier frequency so that
the recorded signal corresponds.to the magnetization in the xy-plane of the rotating frame.
All Hamiltonians in this thesis will Be written in this rdtating frame. Note that there is
another common usage of the words “rotating frame,” however, which arises in the
context of spin-locked magnetization. Experiments in which the relevant axis of
quéntization is defined by the f ﬁéld rather than the Zeeman field are often said to take
place in the “rotating frame.”” With the exception of the term “rotating-frame relaxation”
(T;p), only the former definition will be used in this thesis.

So far, the treatment of NMR in this thesis has been entirely quantum-mechanical.
However, a classical picture of magnetization vectors precessing about magnetic fields is
also useful. The classical viewpoint is best summarized by the Bloch equations, which are

written in the rotating frame as follows
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M, M,
= 7(M,;B,-M,B,) - =*

dt T,
dM M »
—d—tl = Y(M,B, -M B, —T—ZY (1.59)
dM (M, -M,)
2 _ _ z 0
T = Y(M,B -M B)) ——T1

where M is the‘equilibrium magnetization; (B, B,, B,) are the components of the
magnetic field in the rotating frame; T is the longitudinal relaxation time; and T, is the
transverse relaxation time. The theory of relaxation® has been‘cxtensively developed but
is beyond the scope of this thesis. From the point of view of the experiments discussed
below, the values of T; and T, will appear most prominently as practical constraints which

influence the choice of pulse sequence for a given application.

1.2.3 Chemical-Shielding Interaction

The chemical shift reflects the magnetic shielding of a nucleus by neighboring
electrons. Like the Zeeman interaction, the chemical shift is proportional to the strength
of the applied magnetic field. Both diamagnetic and paramagnetic effects contribute to the
chemical shift, which is an orientation-dependent quantity. In solution-state NMR
spectroscopy, rapid molecular tumbling averages out this orientation-dependence and
produces a narrow line at a position, known as the isotropic chemical shift, which reflects
the average electronic environment of the nucleus. In the spectra of powdered solid
samples, however, individual crystallites have different orientations with respect to By
and, consequently, slightly different resonance frequencies. ’

The Hamiltonian for the full chemical-shielding interaction in the laboratory frame

is given by

2
Cs .CS
Heg =0y Y Y, (DR T (1.60)

120,2p = 2
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Because this Hamiltonian is symmetric, no 1=1 terms are present in the sum."'¢ This is
generally true for NMR Hamiltonians.® The spatial terms in Equation (1.60) can be

calculated using Equation (1.35)

i
CS 1 CS CS CS
R m= 3 Dy B Pin (1.61)

, ~m
n=-1

where the spherical-tensor components in the principal-axis system are given by

cs _ 1 _
p0,0 - §(Gxx+cyy+czz) = Oiso

p§%=£[c (o +0, +c) fscs

(1.62)
cs |
Prs =0
cs _ 1[(6yy=0,,) 5CS _ 1 csscs
Py 12 = (0'"_——6 ) = 5" -
18O

The term nCS is known as the asymmetry parameter and represents the deviation of the
chemical-shielding interaction from cylindrical symmetry. The term 8CS is known as the

anisotropy parameter. The spin part can be expressed as®

Cs
To,o = 1,B,
CS 2
T, = [ 1 B, |
(1.63)
o 1
Ty = 4?21 B,
cs
Tz, 1 = 0.

Several conventions are used in the literature for describing the principal values of

the chemical-shielding ahisotropy (CSA). The one used in Equation (1.62) is

.Iczz 1so| = IG 1so| = IO' o-iso| . | (1'64)
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This has the effect that n°° will always be a positive number between zero and one.
However, whether the most downfield shift is ¢,, or 04, depends on which side of o;¢, the

term O, is on.2> An alternate convention has therefore been defined as follows

Yy

o1 2[05] 2|03 - (1.65)

Using this convention, 6 is always the most downfield term. The definition of n®s

¢ If Ioll 1sol >

depends on the relative magnitudes of |o‘11 iso

2
| and |0, -0, |-
|633 — 0| » the following identifications can be made: G11=0,;, 02;=0yy, and G33=0y.
If |033-0,, > [0),-0C

iso|’

isol the proper correspondence 1_s: 033=0,;, 022=0,,, and

O011=Oxx-

We will use the convention of Equation (1.64) when describing any theoretical
aspects of chemical shifts, but in Chapter 5 measurements will be reported using the
convention of Equation (1.65), as is customary. |

Because the chemical-shielding anisotropy is on the order of several kHz, it can be
considered as a'perturbation to the Zeeman Hamiltonian. It is, therefore, useful to
transform into a frame rotating with the Larmor frequency. (see Section 1.2.2). Ignoring
all oscillating terms (i.e. - makmg the secular approx1matlon) leaves only terms

proportional to the spin tensors T 0 and T2 0

cS .. (0), CS cs CS cs
Hes = hY{To,oDo o™, B )P2 0

A (1.66)
(2) CS CS, CS A
ZD ORI
n——2

which simplifies to

: Cs (3co§2BCS—1) 2.CS
Heg = hYByL, )0, + 9 [ 5 +1-2lsin B cos2acs}}. (1.67)

Note that the chemical-shielding Hamiltonian is orientation-dependent.
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1.2.4 Dipolar Interaction

Another important interaction in solid-state NMR is.the through-space interaction
between the magnetic moments of two nuclei. This interaction can be described by the

following Hamiltonian
K 2 < D ..D |
10,2 = -2

D . . . .
where the R _ = are described in an analogous way to the chemical-shift case (see

Equation (1.61)) and the spatial components in their PAS are given by

D D
Po,0 = P2+l = P42 =0
b _ fep _ [l (1.69)
P20 = \3° T )23
rjk

while the spin components have the form

D 2> =
To,o=Ij‘Ik

D 1 S e 4
Ty o = —6[3IjZIkZ—Ij-Ik]

=

D 1
Tyu = +5 Lol + 1Ly ]

(1.70)

Since ‘p(l)), o €quals zero, there is no isotropic dipolar coupling. Also, the
interaction is cylindrically symmetric about the internuclear vector (MP=0). Like the
chemical shift, the strength of the dipolar interaction is small (tens of kHz) reiative to the
Zeeman interaction, allowing first-order perturbation theory to be applied. Assuming that
the two spins are of the same type (homonuclear), one can make the secular approximation

which will retain only the terms proportional to Tl; 0 -
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4/ 3 2

[ Bo\M¥iYi] (3cos’BC -1 s
# = —h{(—o) ) “}( cos B -1) [3L,L, -1 - L] (1.71)
. T.
ik

where the term in curly brackets is the dipolar-coupling constant, dj (in units of
A . . D . .

frequency). If the two spins are of different types, then not even T, ; will commute with

s . .. D . N

the Zeeman term. However, it is possible to rewrite T, , as a sum of a commuting and a

non-commuting term (see Equation (1.32))

D 1 1
o= 7 20,0, -5 (4L + L |- (1.72)
The first term on the right commutes with the Zeeman Hamiltonian even for unlike spins.
The second term is often called the “flip-flop” term since it corresponds to an exchange of
magnetization between two spins. It is not energy-conserving for unlike spins (unless
special pulse sequences are applied) and, therefore, must be dropped from the

Hamiltonian when the secular approximation is made in heteronuclear spin systems.

1.2.5 Quadrupolar Interaction

In addition to the magnetic interactions described in the previous sections,
electrostatic interactions can also influence the fine structure of an NMR spectrum. The
interaction of a nucleus with a surrounding local electric-field gradient is known as the
quadrupolar interaction. The strength of this interaction can be as large as hundreds of
MHz, making it comparable to or greater than the Zeeman interaction. In such cases, the
quadrupolar Hamiltonian can provide the axis of quantization, and rf-irradiation is used to
excite transitions between the various levels. This type of spectroscopy is known as
Nuclear Quadrupole Resonance (NQR) spectroscopy. It will not be discussed further in
this thesis, but an excellent introduction to the topic can be found in the monograph of Das
and Hahn.?

We will be concerned with the case where the quadrupolar interaction is small
enough to be treated as a perturbation to the Zeeman splittiﬁg although it will typically be
large enough that second-order terms must be explicitly considered. Because experiments

involving quadrupolar nuclei comprise the majority of this thesis, the physical basis for
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the quadrupolar interaction will be outlined folldwing the derivation of Cohen and
Reif,>1026 and then the quantum-mechanical Hamiltonian will be presented. Finally, some
of the issues relating to excitation and observation of the central transition of an odd-half-
integer quadrupolar nucleus will be discussed.?’

The classical energy of interaction of a charge density, p(r), with an electrostatic

potential, V(r), can be expressed as
3 .
E = [drp(r)V(r). (1.73)

If the potential is expanded about the center of mass of the nucleus, Equation (1.73)

becomes

3
E = VO)[drpm+ 3, ((‘:—Y)
a=1

Jd3r p(r)x,
=0 '

Xa )
g (1.74) -
3 3 2 :
1 dav 3 ‘
+§z Z(dx ™ ] Jd P p(P)XoXpg+ ...
a=1p= o "B r=0

where the x, are Cartesian components. The first term on the right-hand side Equation
(1.74) .is the interaction of a point-charge nucleus (an electric monopole) with a constant
potential; it will not affect the NMR spectrum.?¢ The second term, an electric-dipole term,
vanishes because it has odd parity.! But the third term, the electric quadrupolar
interaction, can be non-zero. It is the product of two teﬁsor-s: a quadrupole moment with

components

Quy’ = [d'r pMx,x, (1.75)

and an electric field gradient with components

v o o|.dv
ap T dxade

Higher-order terms in the multipole expansion can generally be ignored.

(1.76)

r=0
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The most convenient principal-axis system for the quadrupolar interaction will be
the one in which the electric-field gradient. (EFG) is diagonal. It will then have three

components, but due to Laplace’s equation
VV =0 =Vyy+Vyy+Vy,, ' - (LT

only two independent parameters can be defined. These parameters are the strength of the

EFG in units of electric charge
Q_ oy =
0" =eq =V, , (1.78)
and a parameter expressing the deviation of the electric field from cylindrical symmetry

Vyy-V |
n? = X (1.79)

7
where |V, 2|Vyy| p- Vxl-
It will prove convenient to rewrite the quadrupole-moment tensor as
o3 | | -
Qup = 3Qup =845 >, (1.80)
Y=1
which makes it traceless. Substituting Equations (1.75), (1.76), and (1.80) into Equation

(1.74) and making use of Equatioh (1.77) gives

3 3
i ;
E = Z Y Y QupVap- (1.81)
a=1B=1

So far, no quantum-mechanical aspécts have been introduced. However, nuclear
spin is intrinsically quantum-mechanical; it is, therefore, necessary to invoke a
correspondence principle to rewrite the moment tensor in terms of spin angular
momentum operators.

According to the Wigner-Eckhart theorem,?¢ all matrix elements of a tensor of a

given rank, k, are proportional to each other
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& L mT,le, I’ m) = C(LT,m m’, K n) (e IT,Je, I (1.82)

where n is a tensor component; € is a generic quantum number; and C is a Clebsch-Gordan
coefficient that is independent of the nature of the interaction. The Wigner-Eckhart
theorem implies that the components of two irreducible tensors of the same rank will be

related by a constant of proportionality

(e, 11Q,le, I')

ﬁm—w}@ LmT,lelim)  (183)
b k 9

& L miQy e, I, m’) = {

where the constant of proportionality is given in curly brackets: Applying this to Equation

(1.80) gives
oy (LI +1.1) > )
e L Qe Vo) = L, Lmi( 35222 5 27 Je v (1.89)

where the quantum-mechanical operators have been symmetrized.’> Defining a quadrupole
moment '

= (g, I, m|Q,,le, I', m’) (1.85)

and comparing with Equation (1.84) allows the constant of proportionality to be written as

eQ :
¢= I(21—1) (1.86)

and the matrix elements of the quantum-mechanical Hamiltonian become

’ (IIg +Ig1,)
€, miZll, m) = 61(21 ) ;ugl(l ( = (187)

5> o e
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Using the Wigner-Eckhart theorem and the “triangle selection rule” for Clebsch-Gordan
coefficients,!"? it is also possible to demonstrate that only nuclei with a spin-quantum
number greater than one-half will have a quadrupole moment. Over two-thirds of the
NMR-active nuclides in the periodic table satisfy this condition.

As is the case for the other NMR Hamiltonians, it is convenient to express the

Hamiltonian in terms of products of spherical tensor operators rather than Cartesian ones

2 2
= € qQ ' _q\ym Q Q
o = 21(21_1)13;2‘_“};_2( DR T (1.88)
where
Q
Poo = 0
Q= f
2,0 = A5 .
2 (1.89)
Q .
Py =0
Q 1 Q
P2,+2 = 3N
and
Q 2
TO,O =1
Ty, = %5[315-12]
(1.90)
'Q 1
T; 41 = F5 (LI + L]
Q 1.2
Tz,rz = §It

Note that 82 (see Equation (1.78)) has been included in the constant in front of the sum in

Equation (1.88) rather than in the p? , terms.
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Because of the size of the quadrupolar interaction, it is necessary to consider not
only first-order perturbation terms (i.e.- those arising from the secular approximation)
when transforming to the rotating frame but also second-order terms. To derive these, we
will take the approach of Goldman et al.?® which utilizes an operator form of perturbation
theory. Such an approach avoids the necessity of introducing correction terms as must be
done when using coherent Average-Hamiltonian Theory.”1° »

The operator form of static perturbation theory is simply a generalization of the
standard non-degenerate perturbation theory described in Section 1.1.4. The energy
corrections are projected onto the basis of eigenvectors of the zeroth-order Hamiltonian

which leads to an operator version of Equation (1.44)
D=s+DV+DP 4 . (1.91)
where

D™ = FIHE | (1:92)
i

and the Ej(n) are given by Equations (1.45) and (1.46). The advantage of this method
over traditional perturbation calculations of individual shifts!! is that one can obtain an
analytical form for the Hamiltonian which can be used to describe the evolution of any
transition. This will be particularly useful for the simulations of Chapter 3.

For the quzidrupolar interaction, the first order quadrupolar Hamiltonian can easily
be shown to be (in energy units)

- (1) ®
Hy = h(TQ)RgOTgO (1.93)

where @, is the quadrupolar coupling constant

2
_ 3e°qQ _ 6T
©q

T EN T S e (1.94)
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Equation (1.93) is identical with what would be obtained by making the secular
approximation. The second-order contribution is calculated from Equations (1.46) and

(1.92) as follows

~ (2) G2 k) <kl Ho 1) Gl |
w}[((zz) =1)(2) 22 '(0) E(O) ) (1.95)

j k#j

Defining m = j -k gives

o DGITS fi-m)G-mITS )Gl

~(2) h (DQ 2 Q ’ ,
Hy = 5‘(“5‘) 2 2R Ry = . (1.96)
L j mz0
But
i-m)G-ml=1- % )l (1.97)
n#j—m

Substitution leads to

e |J><J|TQ TS G

2) Q
_ (1.98)
Because the term TQ TS _m commutes with the projection operator, Equation (1.98)
becomes |

Q -Q . |

- (2 ho2 T, . T,
o =23y RY RY “hm om (1.99)

90)Lm¢0 m m

Explicitly summing and regrouping gives

2 N

~(2) ho

= =2 {2R; |R; (T3 T3 1+R3,RS L[T5,13 1} (1.100)
L

where!0
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1, .2 2.
[Tgl,Tg_I] = 5(41 -8 - 1)L, ) (1.101)

12,19 ,1 = @r-20-1)1,. (1.102)

Both the first- and second- order terms are orientation dependent.

Figure 1.2a shows the energy-level diagram for a single spin-5/2 nucleus subject to
the effects of the quadrupolar interaction to both first- and second-order. Note that to first-
order, the frequency of the (-m <>m) transitions (including the directly observable central
transition) are unaffected (due to the fact that Tg o only depepds on even powers of I,).
This is generally the case for nuclei with odd-half-integer spin-quantum numbers.
Inclusion of the second-order terms will influence all of the transitions. In a powdered
solid sample, the central transition will be anisotropically broadened with a lineshape that
depends on the values of Cgqcc and M, and an additional contribution to the isotropic shift
will also be introduced (see Section 1.4.2). It is possible to extract values of the
quadrupolar parameters by performing lineshape simulations; these parameters can then
be related to bond geometries.?3%3! Further discussion of the nature of the central
transition lineshape can be found in Chapter 6.

In the experiments described in this thesis, the strength of the applied rf field will
not be strong enough to excite all allowed transitions simultaneously. However, selective
excitation of the ‘central transition (m=-1/2 <3m=1/2) is possible if a relatively weak rf
field || « |og| is applied near resonance.”” In such a case, the full I, and I, operators
will not enter into Equation (1.58). Instead, one can assume that only the two-by-two
submatrix between the m=-1/2 and m=+1/2 levels will be relevant. From Equations (1.50)
and (1.51), one can see that this fictitious spin-1/2 operator* will have an additional factor
relative to the true spin-1/2 case. For a pulse applied along the +y éxis, the operator in the

(-1/2,+1/2) submanifold will be

(1.103)

/N
P
+
O] —
N
o
o | L

R =
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Figure 1.2 - (a) Energy level diagram for a single crystallite (nQ=O°, BQ=45°) of a spin-5/2
nucleus in a static magnetic field. The effects of the first and second-order contributions to
the quadrupolar Hamiltonian are depicted. Note that the frequencies of all (-m<>m)
transitions are unaffected to first order. (b) The five allowed transitions of a spin-5/2
nucleus subject to both first- and second-order quadrupolar effects. Relative intensities of
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The factor (I+1/2) leads to an increased nutation frequency. Thus, the rf-field strength
required to rotate the central transition by 90" is 1/(I+1/2) of that required for a spin-1/2
nucleus (or for a quadrupole m a liquid in which nonselective excitaiion is easily
achievable).”” This will be particularly important for the cross-polarizatidn experiments of
Chapter 4. A more rigorous derivation of this result may be found in the thesis of J. H.

Baltisberger.!

1.2.6 Other Interactions in NMR

Other interactions can also potentially affect solid-state NMR spectra. One of
these is an indirect dipolar-coupling mechanism which involves bonding electrons. It is
known as the scalar interaction and is characterized by a coupling constant, J. Although
important in solution-state spectroscopy, the J-couplihg is generally neglected in solids )
since it is typically much smaller than the direct dipolar coupling. Its effects can
sometimes be observed in highly-crystalline samples, however.3»:33:3:3536 This thesis will
not explicitly treat the J-coupling. Other interactions such as spin-rotation coupling and
the Knight shift in metals® are also beyond the scope of this thesis.

So far all of the interactions in Sections 1.2.3 - 1.2.5 have been treated as separate,
additive perturbations. However, there are also potentially second-order cross terms
between the different interactions.?” The most significant of these would involve the
quadrupolar interaction since it is the largest in the systems studied in this thesis. Such a
cross term would lead to frequency shift in the spectrum of the spin-1/2 nucleus that is

proportional to

(1.104
o (1.104)
in Hz. Here @p is the frequency of the dipolar coupling between the spins; ®q is the
quadrupolar frequency (see Equatio_n (1.94)); and o is the Larmor frequency of the
quadrupolar nucleus. For the dipolar couplings in the system studied in this thesis (see

Chapter 3), such a term would be on the order of 5 Hz and is, therefore, negligible.
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1.3 Powder Spectra

So far this chapter has primarily been concerned with the orientation of a single
crystallite. In solid-state NMR, however, powdered samples are often used. These
powders are composed of many different crystallites, each of which is oriented differently
with respect to the static magnetic field. This leads to broad powder patterns for each type
of interaction (e.g. - CSA, dipolar, quadrupolar). Examples of these are shown in Figures
1.4a and 1.5a.

To simulate the lineshapes of powder samples, it is necessary to sum over many
different crystallite orientations. Conceptually, the most straightforward approach would
be to use equidistant points on a sphere; in practice, however, this is somewhat inefficient
and requires a large number of step sizes.!! Alternative methods of powder averaging have
'~ been proposed;37* the method used in this thesis is based on an algorithm described by
Cheng et al.,® which traces out a spiral on a sphere. For a given number of points, this
algorithm has been shown to be more accurate than averaging over “random” orientations.

Using Cheng’s method, the Euler angles (,B,Y) are chosen according to

360° - mody {n - v,}

o = N , | (1.105)
_180°-n
B = N (1.106)

and

360° - mody {n - v,}

Y = N (1.107)
where N is the total number of orientations in the powder average; n is an integer ranging
from 1 to N; and v, and v are tabulated in Tables 1.2 and 1.3. Note that different values
of are v, are optimal depending on whether one averages over three angles (for an
arbitrary rotation) or over two angles (e.g. - when cylindrical symmetry makes one of the

Euler angles irrelevant).
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N 50 100 144 200 300 538 1154
\0) 7 27 11 29 37 55 107
V3 1 41 53 79 61 229 271

Table 1.2 - Table of parameters for use with Equatibns (1.105), (1.106), and (1.107) to determine suitable

Euler angles (o.,B,Y) for powder averaging in the general case.
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N

144

233

377

616

987

1597

2584

4181

6765

10946

17711

v2

55

89

144

233

377

616

987

1597

2584

4181

6765

Table 1.3 - Table of parameters for use with Equations (1.105) and (1.106) to determine suitable Eu]ef angles
(o, B) for powder averaging when the symmetry of the problem is such that enly two angles are required.

1.4 Rotating Samples

While the broad static powder patterns contain information about the environment
of a given nuclear spin, they lead to poor resolution. Spectra of samples where the nuclei
are subject to more than one interaction or where multiple sites are present quickly
become uninterpretable. Fortunately, considerable imprp?emerit in resolution can be
achieved if the sample is rapidly rotated about an axis that is not aligned with the static
magnetic field. To understand how an external spatial reorientation can affect the spectra

of internal interactions, it is necessary to use Wigner rotation matrices.

1.4.1 Wigner Rotation Matrices Revisited

The orientation dependence of a rotating sample can be calculated by performing
two consecutive sets of Euler angle rotations as shown in Figure 1.3. The first set
describes the orientation of an individual crystallite relative to the rotor frame, and the
second set describes the orientation of the rotor relative to the By field. Mathematically,

this can be expressed by applying Equation (1.35) in a nested manner

1 1 :
M
R], m - z 2 Dn, m(mrt + q)r’
n m’ = -1

= -l -

1
6,0D.) (e B, )P, (1.108)
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where 0 is the angle between the rotor axis and the static magnetic field, w, is the rate of
rotation, and ¢, is the initial phase of the rotor (which for simplicity we will set equal to

zero in the following sections). Using Equation (1.36) and separating the n=0 term gives

1
1 1
= 4" ©® 3 DY (0 B, 1P,

Rl. m
m' = -1
: : —-inwt (1) M (19
+ Z Z € ' dn, m(e)Dm', n(a’: B’ Y)p], m’
n=-lm=-l

nz0

Note that the first term is time-independent. In the limit of very rapid rotation, the time-

dependent terms will average to zero, leaving only the time-independent term.

(o, B,7) (et 6, 0)
(XPAS, Ypas, ZpAs) R o (Xrots Yiots Zrot) =i lab

Figure 1.3 - Euler angle convention for a rotating sample. The first set of Euler angles
(a,B,Y) describes the orientation of a given crystallite relative to the rotor axis, and the
second set (®,t,0,0) describes the orientation of the rotor relative to the B, field.



Several special cases are of interest. Recall that in the limit of large By, fields, only
spin tensors, T p,, with m=0 are retained in the Hamiltonian (secular approximation). This
corresponds to retaining only spatial tensors, R, with m=0, due tb the form of the NMR
Hamiltonians (see Equations (1.60), (1.68), and (1.88)). Thus, the time-independent
spatiél terms in Equation (1.109) will be proportional to d(‘,,’i)(e) . For 1=2 and ©6=54.74",
dé})()(e) equals zero; rapid spinning at 6=54.74° (the “rﬁégic angle™) will, therefore,
eliminate the anisdtropy inthe R, , terms. Note that the entire aﬁisotropy of the chemical
shielding and dipolar interactions is contained in such terms; the quadrupolar case is
different and will be discussed in Section 1.4.2.

When the rate of spinning about the magic angle is less than or approximately
equal to the breadth of the static lineshape, the time-dependent terms cannot be ignored.
Considering the speéiﬁc case of a spin subject to the chemical-shielding interaction, one
can use Equations (1.12), (1.13), (1.66), and (1.109) to show that a cry<tallite will

accumulate a phase given by

t 1 1 -
. -inot (2) (2)
exp| -ivBo[| 0o+ D, X, € dno@®D, (0, B, 1P, | |- (1.110)
0 n Il m'=-2 -

n#0
The time-dependent terms in Equation (1.110) can be regrouped into sines and cosines of

ot and 2m,t. Using a property of Bessel functions

S WS Ne (L111)

k:-oo

one can show that the signal depends periodically on the rotation.’* When such a signal is
Féurier transformed, a series of “sidebands” spaced at the rotor frequency will appear in
the spectrum, and the intensities of the sidebands will contain information about the
chemical-shielding parameters.* Herzfeld and Berger*® have tabulated ratios of the
sideband intensities to the centerband intensity for different values‘éf the CSA parameters
to allow them to be.rapidly determined from a magic-angle spinning (MAS) spectrum;

with modern computers, direct fitting of the spectrum can also be accomplished.
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Figure 1.4 shows simulations of spectra corresponding to the CSA interaction at
various spinning speeds. Note that since the total integrated intensity of the spectrum is
constant, rapid MAS not only improves resolution but also sensitivity. The spectrum in
Figure 1.4c is of the type that can be used for Herzfeld-Berger analysis. _

Another intefesting angle is-8=0". Using the definition of the reduced Wigher

rotation matrix elements (Equation (1.37)), one can show that for 6=0°

{Oforn;tm

M oy =
dy (0°) = (1.112)

1 forn=m
Since only m=0 terms are relevant in the secular approximation, it is easy to see (by using
Equations (1.109) and (1.112)) that all time-dependent terms vanish for 0=0°. In fact,
-what remains is identical to the full, static powder pattern. Thus, spinning about an axis
parallel to the By, field is equivalent, from a theoretical point of view, to not spinning the

sample at all. This can be viewed as a consequence of the C_, symmetry induced by the By

oy “ }\ A l
-5 0 5 -5 0 5
[kHz] [kHz]
Figure 1.4 - Simulated CSA powder patterns for §5=-2.5 kHz and nCS=O.76 at spinning
speeds of (a) 0 Hz, (b) 100 Hz, (c) 1 kHz, and (d) 10 kHz. The total integrated intensity of
all spectra are the same, but for clarity, the vertical axes of (a) and (b) have been scaled by
a factor of 10. The rapid spinning spectrum in (d) has high sensitivity, but all information

about the CSA parameters is lost. The spectrum in (c) represents a good compromise
between sensitivity and information content.
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field. In practice, spinning about 0° has the advantage of reducing the effects of magnetic
field inhomogeneity, but the disadvantage of requiring specialized solid-state NMR probe

technology.

1.4.2 Effects of Sample Rotation on Quadrupolar Lineshapes

For odd-half-integer quadrupolar nuclei, the situation is more complicated. This is
due to the functional form of the second-order quadrupolar anisotropy, which, as can be
seen from Equation (1.100), depends on products of second-rank spatial tensors. It is well
known that the product of two commuting second-rank tensors can be written as a sum of
zeroth-, second-, and‘ fourth- rank tensors.¥ By substitutiﬁg Equation (1.108) into
Equation (1.100), one can explicitly calculate the form of this aﬁisotropy for a sample
spun about an axis 6 with respect to the static magnetic field. In this thesis, we will be

interested in the frequencies of the (+m <> -m) transitions

: ~(2) - ~(2)
02 =, mZpf my— (1, -mi 22, -m). (1.113)

+m & -m h h

(2Q)

+m < —m 18 1aborious even when sidebands are neglected and only

Explicit calculation of ®
time-independent terms retained. The steps needed to do this are outlined in the thesis of
K. T. Mueller’ for the case m=1/2 and have since been generalized to other values of
m.*>4? We will present only the final result of this calculation (valid for the case of fast

spinning relative to the static linewidth)

2
C -
(2Q)
o, = Cgic{AOCO(I,m)+Az(aQ,BQ)Cz(I,m)Pz(cose) (1.114)

+ A, 0% B)C,(ILm)P, (cosb) }

where a and BQ describe the orientation of a given crystallite relative to the rotor axis.
Note that, as expected, the second-order quadrupolar anisotropy is the sum of zeroth-,
second-, and' fourth- rank terms (see Equations (1.38)-(1.41)). Equation (1.114) will be
discussed in more detail in Chapter 6; for now what is important to notice is that in

addition to the second-order Legendre polynomial, thereb is also a dependence on the
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fourth-order Legendre polynomial. Thus spinning at the magic angle only removes part of
the quadrupolar anisotropy (see Figure 1.5). Experiments which can produce isotropic

lines for odd-half-integer quadrupolar nuclei will be discussed in Chapter 6.

ay \_ | b

1 |
Frequency Frequency

Figure 1.5 - Schematic of second-order quadrupolar lineshapes for the central transition

. (with n=0.5) in (a) a static sample and (b) a sample undergoing fast MAS. Removal of
the P,(cosB) term has significantly narrowed the lineshape but not eliminated its
anisotropic character.

1.5 Phase Cycling and Data Processing

So far most of the discussions in this thesis have been éoncemed with the time-
domain behavior of the NMR Hamiltonians. However, spectra are typically presented and
analyzed in the frequency domain. The two domains can be related by a mathematical
manipulation known as the Fourier transform. If s(t) is the evolution of the transverse
magnetization as a function of time, the frequency domain signal, S(w), will be given by

the complex Fourier transform of s(t)*

oo =

S(o) = j se 'dt = j s(t) (cos @t —isinat) dt. (1.115)

—o0, —o0

In NMR, 'one will often (though not always) record signals which are defined for t=0 only.
In such cases, the Fourier transform, S(®), will contain both real (absorptive) and
imaginary (dispersive) parts. The two most common Fourier transform pairs in NMR are
summarized in Table 1.4.2 The discussion which follows in Section 1.5.2 will focus on
lines which have a Lorentzian lineshape although the same principles apply to Gaussian

lines as well.
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Line Type s(t) S(w)

2
. T, (0-Q) (T,) .
Lorentzian Cthe_t/ T, 2 i 22 s = A(w)-1D(w)
: 1+ (0-Q) (T))" 1+ (0~-Q)"(T,)
—{(0-2)*(T,) "} /4
. (JrT,)e
Gaussian eime_t /(Ty)

X {%(1 +erf [-——-—i (co—zﬂ) Tz] )}

Table 1.4 - Complex Fourier transforms of Lorentzian and Gaussian decays which are defined for positive
time values (t20) only. This lack of symmetry about t=0 leads to dispersive'components.

Useful theorems pertaining to Fourier transforms have been summarized in
monographs on NMR*# and will not be reviewed here. Other important consideratidns
such as digitization (dwell times, spectral width, resolution), zero filling, and apodization

will also not be addressed in this thesis. Instead, the next two sections will focus on how
| to control the evolution of the signals that are observed and how to use such methods to

obtain artifact-free, two-dimensional spectra.

1.5.1 Coherence-Transfer Pathways

In NMR, signals are typically recorded using quadrature detection, which
corresponds to simultaneously observing two orthogonal components of the transverse
magnetization. Such an acquisitionvscheme allows one to distinguish (wy +€2) from (o -
Q). If only one component were detected, those two frequencies could not be
distinguished. Mathematically, the detected signal, -also known as a free-induction decay
(FID), can be written as!!

/T, i0g
s(tty = Tr {p(t)e Ie '} (1.116)
where ¢y, is the phase of the receiver and I, is the observable for quadrature detection. (In

principle, the quadrature operator could be described instead by I, but we follow the

convention of Ernst et al.%)
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From Equations (1.49), (1.54), (1.59), and (1.116), it is easy to see that 6nly I
terms in the density matrix will produce observable signal. It is, therefore, necessary to
apply pulses in such a way that all the frequencies of interest to the spectroscopist appear.
as prefactors of I.. The way to do this is by coadding signals from experiments in which
the phases of the rf pulses are varied in a systematic way.

To understand why such a phase cycling proceduré works, it is useful to look at the
behavior of different coherences under rotations about different axes. In Section 1.1.1, a
“coherence” was defined as an off-diagonal element of the density matrix. Coherences
can be categorized by their order, or total change in magnetic quantum number.* This is |
equiValent to characterizing-them by their rate of precessioh about the z-axis since a
coherence o, of order p acquires phase as follows*

e g et = g e (1.117)
where F, is the total z magnetization. Note that evolution about the z-axis (i.e. - free
precession) does not change the order of a coherence. |

Rotation about the x or y axis (as induced by an rf pulse) can change the order of a
coherence as can be calculated from the equations in Sections 1.2.1 and 1.2.2. For
instance, a 90° pulse applied to the equilibrium magnetization will change the order from
p=0 to a linear combination of p=+1 and p=-1. A 180° pulse will change p=+1 to p=-1,

etc. Following Ernst et al.%, we can write the effects of a generalized rf pulse as

U,o, U, 20 (1.118)

where Us represents the action of the pulse. Phase shifting that pulsé by ¢ and

‘rearranging gives

40



~i¢F, _1ei'¢r; _ -i¢F, -1 i¢F, .-

-i0F, _ i¢F, i
e ‘Uffe Ge o =e Urf(cpelpq’) U e
~igF, __ 1 i0F, ipb
= (Uygo,Upe e
: (1.119)
-ioF,  i¢F, j :
o =‘ze * ZO' ;C]¢ zelp¢'
” P
P
_ i (Ap)6
= Zcp,e
P

where Ap = p’-p.

It is now easy to see that by summing experiments with- different phase shifts, the
expeﬁm_enter can control which coherences are retained and w.hich are eliminated.
. Detailed information on how to do this can be found elsewhere*!!* and only a few key
points will be summarized below.

The first point is that when one incrcménts the phase of a pulse from experiment to

experiment by
A = 2n/N - (1.120)

one will select every"N-th value of Ap.* This rule determines the minimum length of -
- phase Cycle necessary to eliminate a certain coherence. For instance, suppose one wants
to select the +1 quantum coherence but eliminate the -1 quantum coherence. The
minimum phase cycle that achieves this would be a cycle with steps of 2r/3 or 120°. Of
coursé, smaller steps (such as 90° phése increments) would also eliminate the -1 quarmim
coherence although this means that a longér phase cycle would be necessary. It will often
be desirable to retain more than one coherence at a given stage, particularly if one wants to"
obtain ﬁure absorption-phase lineshapes (see'Seciion 1.5.2). This can easily be done using
Equation. (1.120); a phase cycle with steps of 21t/2 or 180° can be used to retain p=‘£1

whilé eliminating p=0,£2. Of course, some higher order coherences (p=13,%5) will also

be retained in principle. In practicé, however, high-order coherencés can often be ignored

since (1) they may have a low or zero probability of existing (e.g. - an isolated system of
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two spin-1/2 nuclei can at most have p=12; even in large spin systems the highest possible
coherences will be rare) or (2) later steps of the phase cycle will prevent them from
contributing to the final observed signal.

To detect the p=-1 coherence, the phase of the receiver is cycled according to
Or = -2, (AD);0; | 12D .
i

where (Ap); is the desired change in coherence induced by the i-th pulse. By combining
Equations (1.120) and (1.121), it is possible to design a pulse sequence in which different
coherences are specifically retained during different time perioc_is of the experiment. Such
a sequence can be graphically represented as a “coherence transfer pathway.”* Examples
of these will be seen throughout this thesis (see, for instance, Figures 5.3 and 6.10) where
thick lines are used to indicate which coherences contribute to the final signal. Note that a
common shorthand notation for pulse phases that are multiples of 90° is 0=0°, 1=90°,
2=180°, and 3=270".

Phase cycling can be used to removed hardware-induced artifacts. The CYCLOPS
cycle® involves shifting the phase of the last pulse along with the receiver through all four
spectrometer channels so that the effects of receiver imbalance are removed. Another
common technique, spin-temperature alternation*’ reverses the sense of precession (i.e.-
the direction of the magnetization vector) of the I spins relative to the By spin-lock field
from scan to scan by shifting the phase of the excitation pulse by 180°. If the I spin
magnetization is transferred to the S spins via cross polarization, the sense of precession of
the S spins about the B field will also alternate between scans.?> Consequently, cross-
polarized S-spin signal can be differentiated from directly excited S-spin signal, which
will always precess in the same direction for a given Bjg field. Spin-temperature
alternation is frequently used in cross-polarization experiments to suppress direct signals.

Another important use of phase cycles is for obtaining pure absorption-phase

lineshapes in two-dimensional spectra. It is to that topic that we shall now turn.
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1.5.2 Pure-Phase Two-Dimensional Spectra |

From Table 1.4, we see that the Fourier transform of an exponentially decaying,
complex signal has both absorptive and dispersive components. For maximal resolution,
howevér, it is desirable to have only absorptive peak shapes. In the one-dimensional case,
it is always possibie to obtain a spéctrum which is purely absorptive in one channel of the
.detector and purely dispersive in thé other. (Often this is done in practice by applying a
phase correction after collection of arbitrarily phased data.) This is not as easily done in

two-dimensional case, however. A generic two-dimensional FID can be written as

Q1 io, /T2 iQy, ig, /T2
st t,)) =e e e e e ‘e (1.122)

where @, and @, are arbitrary phase factors. Since it is always possible to phase correct
the data, we can set these phase factors to zero without any loss of generality. Performing

a Fourier transform over each time variable gives (see Table 1.4)*"!

S(@, ) = (A@)-iD(®))) (A@,)-iD(®,))
= [A(®))A(@,) - D(@)D(®,)] (1.123)
~i [A(@,)D(@,) + D(@,) A(w,)]

Clearly, neither channel is purely absorptive. The presence of a dispersive term in the real
channel leads to “phase-twist” lineshapes with negative intensity in the wings.

To obtain purély absorptive lineshapes, it is necessary to use a more complicated
acquisition scheme.® This can be done by the methods of time—proportfonal phase
incrementation (TPPI),*4950 hypercomplex data acquisition (also known as the method of
States et al.>!), or whole-echo acquisition.

The TPPI and States r'nethods are equivalent in terms of signal-to-noise per unit
time."! Since TPPI was not used to acquire any of the data in this thesis, it will not be
described here, and the interested reader is referred elsewhere.*!1:49:50

The hypercomplex method of States et al.>! permits quadrature “detection” in the
indirect dimension. The technique requires the experimenter to collect two separate two-

dimensional data sets in which the amplitude modulation in the t; dimension differs by 90°
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between the sets. In practice, the second data set is obtained by shifting the pulse at the
beginning or at the end of the t; period by 90°/Ipl where p is the order of the coherence.*
The phase cycle must ensure that both the +p and -p coherences are retained throughout
the entire t; period.* The retention of both e PN and P Jeads 1o a signal with
cosinusoidal amplitude modulation, and the 90° phase shift gives a data set with sinusoidal

amplitude modulation. The two signals can be written as

—,/T, -, -t,/T,
Scos(tys ) = cos (£L2t,)e e e (1.124)

, -t,/i‘2 -iQ,t, ~t,/T,
San(tp 1)) = sin(Qt))e e e, (1.125)

where the -1 quantum coherence is directly detected in t,. Fourier transformation in the t,

dimension gives

Seos(tpy @) = €os (1) e (A(®,) + iD(,)) (1.126)

S, (t, @) = sin (Qt)e (A(@,) +iD(®,)) . (1.127)

Combining the real part of Equation (1.126) with i times the real part of Equation (1.127)

gives

iQ,t, -t,/T,
Siltp @) =€ e A(®,). (1.128)
Fourier transformation of the t; dimension gives a signal in the real channel, A(o)A(w,),
which is purely absorptive.
Two particular linear combinations of Equations (1.124) and (1.125) are known as

“echo” and “anti-echo” signals and have the following functional forms

SiQt, /T, -iQ,t, -4,/T,
€ € €

Secho(tl’tZ) = scos(tl,tz)-—issin(tl,tz) =e (1.129)

+HQut, /T, -iQ,t, -t,/T,
€ € € .

Spntitis £) = Sty t) +is (6, ) = e (1.130)
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These phase-modulated signals can be acquired directly by phase cycling to chose the -p
coherence for the “echo” signal and the +p coherence for the anti-echo signal. However,
shorter phase cycles can be used if they are acquired as sine and cosine data sets
(assumihg that one desires to suppress all the coherences in between -p and +p). Echo and
anti-echo data sets are particularly convenient when the position of the maximum of the -
FID varies as a function of t; since they facilitate the application of shifted apodization
functions.’ They also are useful when dealing with experiments involving concepfs of
time reversal.* Details on how to process such spectra are given elsewhere.’?

An alternative technique for acquiring pure-phase spectra is known as whole-echo
acquisi;tion.52 In this method, an echo is generated and acquistion started immediately
after the echo-fdrming pﬁlse. Aséuming that the shape of the echo envelope is given by
two Lorentzian decays centered about the point (t,-1) as shown in Figure 1.6, we can write
the céllected signal as ( |

-iQut, -t /T, -iQ,(t;-1) —ft,-1/T,
€ € : € .

Swhotellr 1) = € (1.131)

Note that the phase cycle is such that during t; the -p coherence is selected and the +p
.coherence is suppressed and that the -1 quantum coherence is directly detected. Fourier

transformation of the t, dimension gives

—
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Figure 1.6 - Creation of echoes for whole“echo acquisition. The 180° echo-forming pulse
is placed at a time T after the start of the decay. (If MAS is used, the 180° pulse must be
applied after an integral number of rotor periods.) At a time T after the 180°, the echo
maximum is reached. Acquisition is started immediately after the 180° pulse so that the
entire buildup and decay of the echo is recorded. In the discussion in the text, the finite
length of the 180° pulse is neglected.
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-t /T, ¢ -iQ,(t,~7) -|t,-7/T, ~i@,t,
€ I € e e

Swhote(ty @) = © dt,.  (1.132)

—00

The key to whole-echo acquisition is that we record the entire buildup and decay

of the echo.#%* This allows us to make the substitution t’ = t,-7

—iQt, /T, -t [ —Jtl/T, -H(@+ Q)
e e e

Swholelt]r @p) = € e dt’. (1.133)

The time-domain signal is now symmetric about t* = 0. Since it has even parity (see
Equation (1.115)), the corresponding frequency-domain signal will have no dispersive

components. Explicit integration leads to

Swhole(tl’ 0)2) =¢

-iQt, ~t,/T, -iot 2T,
e e

. ZJ. (1.134)
1+ (0, +Q,) (T,

Applying a first-order phase correction of elm21 gives

’ -ty -4,/T, 2T2
Swhole (tl’ 0‘)2) =€ € 2 > (1.135)
1+ (0,+Q,) (T,

which, as expected, has no dispersive components in the @, dimension. Thus, a pure
absori)tion-phase two-dimensional peak can be obtained.

The biggest advantage of whole-echo acquisition is that only one two-dimensional
data set needs to be acquired. Thus, the signal-to-noise per unit time is a factor of J2
greater than in the hypercomplex experiment. However, whole-echo acquisition will not
work for samples with long T, values since the entire echo cannot be acquired in such a
case.

It is also possible to combine whole-echo acquisition with States or TPPI to

produce spectra with high signal-to-noise ratios.!!"53
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-
As the case of whole-echo acquisition shows, an NMR spectroscopist has some
flexibility about how to define the origin of the time axis. This becomes particularly
important in cases in which the t; dimension is split into rhultiple segments* 11343536 (see
Chapters 5 and 6). A few such experiments are represented schematically in Figure 1.7.
In these experiments (e.g. - MAT, DAS, MQMAS), the t; evolution is split into two or
more parté, and an isotropic echo is formed at the end of the last part bf the t; period. An _'
anisotropic signal is then recorded during the time t,. To obtain spectra which correlate
~ narrow isotropic peaks with broader anisotropic lineshapeé, one might naively think that
one should start acquiring the signal immediately after the t;- period ends. However, as‘
can be inferred from examining Figure 1.7a, it is impossible to obtain a pure-phase
- spectrum with such a sequence. Hypercomplex acquisition won’t work because the
evolution of the +1 coherence during the last part of the evolution period cannot contribute
to the final signal. One potential solution is to shift the t, origin to immediately after the
last pulse. Then it is possible to do hypercomplex data acquisition (Figure 1.7b). Note
that the definitions of the two time variables have changéd, however. The new variables

are related to the old variables as follows

t," = (1-f) (1.136)
t,” = ft, +1¢, (1.137)

where ft; is the last fraction of evolution period. The acquired signal will therefore have

the form

e -iQ" ~t,/T, i€, (" -ft;)) —|t,"-ft|/T,
Secholt] s 12) = € e ‘e e

o foy | fy (1.138)
-t -t /T, Tt _l_-—f) B
= e e e :
Fourier transformation with respect to t,” gives
- fo,'t/’ 2T
Q) /T, 7T -% 2
Secnolly > @) = €. e e - > 5 |- (1.139)
1+ (0," +Q,) " (T,)
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Figure 1.7 - Schematics of pulse sequences with split evolution periods. The white boxes
do not represent specific pulses but rather portions of sequences in which the transverse
magnetization does not evolve. With the timings shown in (a), pure-phase spectra cannot
be obtained since the +1 coherence during the last t; segment (represented by a dashed
line) is not recorded. Pure-phase spectra can be obtained with sequences (b), (c), and (d) as

described in the text.
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Subsequently transforming with respect to t,” and looking at the real part gives

T,

Re [Secho(ml” 0‘)2,)] =

1 ( ) f(oz’)Z T2
+ +Q +—= :
o+ 4= ) (1)) (1.140)

( 2T, J
X - 5 5 |-
1+ (0, +Q,) (T,)

While this is a pure-phase signal, the frequencies in the two dimensions are correlated by
the factor f/ (1 ~f) , leading to diagonal ridges in the two-dimensional spectrum. For
“ease of interpretation, however, it would be preferable to have a purely isotropic signal in
one dimension and an anisotropic signal in the other dimension. That is, one would like to
view this pure-phase spectrum in terms of the frequencies ((01,0)2) corresponding to the
- times (ty,t;) shown in Figure 1.7a. Fortunately, it is possible to have the best of both
worlds -- absorptive lineshapes and direct i,so_tropic-anis'otr.opic correlation -- if one shears

the spectrum by the angle®!1'5
= : 1.141
O ear = arctan i/ (1.141)

In practice, the most conyenient method for shearing® is to apply a first-order phase

: fo
correction of exp [+i( T—:-z?)t ]’} to Equation (1.139) which leads to
’ ’ ' T2 ‘
Re [Secho(wl ’ (02 )] = , 2 2
AT+ (0,"+Q,) (T

(1.142)

[ 2T, j
X , 2 2
1+ (0,"+Q,) (T,)

Writing Equation (1.143) in terms of the variables (0;,0,) gives

A
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T,

(O)) 2 2
1+(1—_1;~.+91) (Ty) (1.143)

Re [Secho(ml’ (DZ)] =

[ 2T, J
X 5 5 |-
1+ (0, +9Q,) (T,)

where use has been made of Equation (1.136) and the fact that there is reciprocal scaling
between the time and frequency domains.* Note that this shearing transformation and
concomitant change of variables leads to a spectral width in the ®; dimension that is a
factor of (1-f) of that in the ®, ’ dimension. This necessitates a rescaling of the ®; axis in
order to obtain the correct isotropic shifts.5 It also means that the dwell time for the t,’
dimension of the experiment in Figure 1.7b must be carefully chosen to avoid aliasing.®
Pure-phase spectra can also be obtained by slight modifications to the pulse
sequence of Figure 1.7a/b. Insertion of a properly phase-cycled 90° pulse after the ft;
period can ensure that both +1 and -1 coherences are retained throughout the entire
evolution period (Figure 1.7¢), allowing direct application of hypercomplex data
acquisition.!® Alternatively, a 180° pulse can be inserted after a delay 7 to create a full
echo for each t; slice, and the principles of whole-echo acquisition can then be applied
(Figure 1.7d). Note that two first-order phase shifts (one associated with whole-echo
acquistion and one to shear the spectrum) will be required to process such data.>

Examples of many of these methods will be see throughout this thesis.
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Chapter 2: 3¢ Variable-Temperature CP/MAS Studies
of Tetracyclopentadienyl Complexes

In Chapter 1, the theoretical foundations for solid-state NMR were outlinéd. In
this chapter, an example of how solid-state NMR can be used to probe molecular motion
in a series of cyclopentadienyl compounds will be shown. Although this study involves
no new techniques, it demonstrates the power of cross polarization, magic-angle spinning,

and two-dimensional spectroscopy.

2.1 Fluxional Motion in Organometallic Compounds

One of the most important ligands in organometallic chemistry is the
cyclopentadienyl ligand, CsHs or Cp, which can bind to a metal atom in at least ten
different ways.’” These different configurations are typically categorized by their
hapticity, n, which indicates the number of carbon atoms that lie élose enough to the metal
atom to form a bond.®® Whether or not all of these carbon atoms actually pérticipate in
such a bond is often unclear since the nature of bondiné in these compounds is not fully
understood. Even the hapticity can be difficult to categoriie due to ambiguities in X-ray
diffraction data. The existence of monohapto mh, trihapto m?), and pentahapto m>)
cyclopentadienyl groups is now generally accepted, but while T]4-cyclopentadieny1 groups
have been postulated as intermediates in certain cases, their eiistence remains
controversial.’”  As for the n.ature of the bonding, it is generally assumed that
monohaptocyclopentadienyl groups are bound to the metal atom via a single 6-bond. In
the most common monohapto configuration, the carbon that binds to the metal is sp3
hybridized and the other four carbons are sp2 hybridized. The cyclopentadienyl ring is
néarly planar, and contains two double bonds. It is believed that, in most cases, all five
carbon atoms in a pentahapto group participate in the bonding through delocalized
molecular orbitals: such bonding is called & or 1} bonding in older literature.

Describing organometallic compounds in terms of static bonding configurations is
not an accurate way to represent many of them, however, since a large number are

stereochemically non-rigid. They can undergo rapid intramolecular rearrangeme.nts even
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in the solid state. If these rearrangements do not lead to chemically distinct species, the
motion is described as fluxional. Fluxional motion was first postulated for the compound
(n5-C5H5)(n1-C5H5)Fe(CO)2 by Piper and Wilkinson in 1956 based on solution-state Iy
NMR spectra.’® When Piper and Wilkinson failed to see the multiple peaks they expected
from a monohaptocyclopentadienyl group, they proposed that rapid ring rearrangements
caused the metal-carbon o-bond to shift to each carbon atom in turn. Subsequent studies
by other workers confirmed this hypothesis, and the motion was termed “ring whizzing.”%
Since then, a variety of possible cyclopentadienyl group motions have been observed
including interconversion of n3 and n5 licands, interconversion of nl and n5 ligands,
rotation of the 1>-CsHs groups, and rotation about the metal-carbon G-bond.57606!
However, it is the ring-whizzing process which will primarily éoncem us here.

The mechanism for ring whizzing is difficult to determine a priori and remains
controversial today. Since it involves the motion of a sigma bond in a w-electron system,
it can be referred to as a sigmatropic rearrangement.®? Sigmatropic rearrangements are
identified uSing the notation {i,j] where the indices i and j indicate over how many atoms
each end of the sigma bond migrates. In the case of a metal-carbon bond moving around a
cyclopentadienyl ring, several types of rearrangements could occur. Unfortunately, it is
impossible to distinguish between a [1,5] shift and a [1,2] shift in a five-membered ring.
Thus, if such a shift were observed in an NMR spectrum, one could not determine whether
the mechanism involved completely delocalized molecular orbitals (a [1,5] shift) or
whether it were based on some sort of “principle of least motion” (a [1,2] shift).’® For
convenience, such shifts will be referred to as [1,2] shifts throughout the rest of this
chapter, but this does not imply that a particular mechanism is favored. Similarly, the
other possible type of shift in a five-membered ring will be referred to as a [1,3] shift.

Predicting whether [1,2] shifts, [1,3] shifts, or both are to be expected is non-
trivial.  Although the molecular orbitals for cyclopentadienyl groups have been
determined®»6+%5, it is difficult to apply the Woodward-Hoffmann rules®? to the
rearrangements. This is because the transition metal atom has many orbitals of various
symmetries which could potentially participate in such a process, especially when the
valence shell is not filled.5%-67 Furthermore, the process may be dissociative rather than

concerted since metal-carbon bonds are relatively weak.®#$’ For dissociative processes, a
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Woodward-Hoffmann treatment would not be valid. In the case of cyclopentadienyl
groups, Woodward-Hoffmaﬁn-based calculations sﬁggest that [1,5] shifts (which are
equivalent to t1,2] shifts in a five-membered ring) would be favored.®® To date, most
studies of the fluxional motion of monohaptocyclopentadienyl compounds have also
conc]uded that [1,2] shifts are the pfedominant rearrangement mechanism. However, the
conclusions that were reached often depended on the assumptions that were used to assign
the peaks in an NMR spectrum, and there has not always been a consensus.“% Moreover,
in nl-C7H7 rings, evidence for [1,'2‘], [1,3], and [1,5] shifts has been found despite the fact
that only [1,5] shifts are predicted by the Woodward-Hoffman rules.70:66-67 “Forbidden”
[1,3] shifts have also been observed in ﬁvc;membered rings in an indenyl ligand bound to
- Hg,”' and a few compounds that were predicted to be static‘-were, in fact, found to be
fluxional.® Clearly orbital symmetry considerations are not always the only factors that
control fluxional motion. ‘

NMR has proven to be a useful tool for studying several types of fluxional motion.
Few other techniques are able to detect rearrangements which do not change the structure
of a compound.” Although fluxional motion has been extensively studied in the solution
state, the rates can sometimes be too rapid for solution-state NMR to aid in unraveling the
mechanism.® Solid-state studies are of paramount importance in understanding such
cases although, due tb steric considerations, some mechanisms that occur in solution may
not necessarily occur in the solid state.”>’* The first solid-state NMR studies of fluxional
motion used 'H wideline NMR to measure second moments and linewidths as a function
of temperature.”>”> A series of complexes containing monohaptocyclopentadienyl! rings
were exémined using this method, and the experimental parameters were compared to
theoretical models.” Temperature-dependent measurements of relaxation times were used
to determine the activation energy for the rearrangment.”” However, detailed mechanistic
information could not be obtained. Several years later, analysis of 13C NMR static
powder line-shapes revealed that jhmps through angles of 72° were favored over jumps of
144° in I3e(T]5-C5(CH3)5)2.78 Monitoring 1*C CP/MAS lineshapes as a function of

temperature also permitted fluxional motion to be studied.’7%80:81:82  Recently, two-
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dimensional exchange NMR has been applied to study the rotation of
pentahaptocyclopentadienyl rings in the solid state’83 as well as fluxional motion
involving other moieites.3

In this chapter, the results of a solid-state NMR study of several related
organometallic compounds will be presented. All of these compounds have four
cyclopentadienyl groups bound to a metal atom in an approximately tetrahedral
configuration, and all of the metal atoms have an oxidation state of IV. The compound
TiCp,4 has previously been studied in the solid-state;3? the compounds that we studied
involve metal atoms that usually have a chemistry closely related to that of titanium.
Zirconium and hafnium are in the same column in the periodic table as titanium. They are
slightly larger and therefore prone to form compounds with higher coordination numbers
but are otherwise quite similar in behavior. While tin is not a transition metal element, its
chemistry is often also similar to that of titanium since it is the same size,” and extremely
rapid fluxional motion in tin compounds has previously been observed.® As will be
shown in Section 2.2, the chemistry of SnCpy, HfCp,, and ZrCp, is not the same,

however.

2.2 One-Dimensional 13C Variable-Temperature CP/MAS Experiments

Figure 2.1 depicts the structures of Sn(n'-CsHs),, Hf(°-CsHs),(n'-CsHs),, and
Zr(nS-C5H5)3(n1-C5H5) -- which will hereafter be referred to as SnCpy, HfCp,, and
ZrCpy, respectively. The numbers of sigma (') and eta (n°) bonded cyclopentadienyl
rings in each compound were determined by X-ray diffraction.8-8788

The compounds were sy-nthesized by Drs. Leonidas Phillips, Frances Separovic,
Murray S. Davies, and Manuel J. Aroney at the University of Sydney, Sydney, Australia
by reacting a metal-halide precursor with sodium cyclopentadienide using methods from
the literature.®%® Since the materials were highly hygroscopic, they were shipped in -
sealed ampules and transferred to 7.5 mm zirconia pencil rotors in a glove box with a N,-
atmosphere. Experiments were typically performed on a given compound for up to a day

at a time, and the rotors were stored in a desiccator for several weeks between
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experiments. Only the Sncp4 NMR spectra changed over time, suggesting that this was
the only one of the compounds to undergo significant degradation during the course of the
experiments. » |

" ~ All spectra were recorded on a home-built spectrometer® interfaced to a Tecmag
pulse programrher and data accjuisition system. The 'H Larmor frequency was 301.2
MHz, and the 13C Larmor frequency was 75.739 MHz. The probe was home-built but
incorporated a 7.5 mmvChemagnetic‘s MAS spinning module and used a Doty®! double-
resonance circuit design. The pulsé sequence used for these experiments is shown in
VFigur‘e 2.2 and is a standard Haftmann-Hahn cross polarization sequence with CW
| decoupling on the protons during the acquisition period. Typical proton decoupling field

strengths were 35-50 kHz.

ca'

C3'

Figure 2.1 - Structures of (a) Sn(n -CsHs)y, (b) Hf(n C5H5)2(n -CsHs),, and (c) Zr(n -
CsHs5)s(n' CsHs)
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The magic angle was set by maximizing the number of rotational echoes in the
time-domain "°Br spectrum of KBr. The cross-polarization match condition was set on
adamantane and fine-tuned on the actual samples. Typically, the second-sideband match
condition? was used which, for a spinning speed of ~4 kHz, gave a 'H 90° pulse length of
7usand a Bc oo pulse length of 9 pus. The cross-polarization contact time was 1 ms.

To obtain temperatures in the range 133-333 K, the variable-temperature apparat_us
depicted in Figure 2.3 was used. In this set-up, gaseous N, was cooled by being passed
through a coil immersed in a liquid nitrogen bafh. It was transported to the probe through
a heater and an insulated stack placed in the bore of the magnet. A thermocouple located
in the stack was interfaced to a temperature-controller which regulated the temperature of
the N, gas to within £ 5 K. The design of the MAS spinning module was such that the
© rotor was supported by air bearings at either end, and the rf-coil was free-standing. This
permitted the temperature-controlled gas to access a large portion of the rotor through
holes at the top of the stator. N, gas was also used for both the bearing and the drive air
lines to minimize water condensation in the probe.

During the course of the experiments the temperature was decreased in steps of 10
K and the sample was allowed to equilibrate for at least twenty minutes at each

temperature before spectra were recorded.

"H (907) . | (90°),

Figure 2.2 - Cross polarization pulse sequence for 1D VI-MAS experiments. CYCLOPS
phase cycling® and spin-temperature alternation*” were used. A flipback pulse at the end
of the sequence returned any remaining spin-locked proton magnetization back to the z-
axis.

56



To calibrate the controller, an independent series of experiments were performed
on the compound samarium acetate (SmAcj3) tetrahydrate using the same pulse sequence
and spinning speed. Since the 3¢ isotropic chemical shift of the chelating carbonyl group
in Srr'lAc3 is temperature-sensitive®* with a temperature dependence given by

4867
T

8., [ppm] = +209, @.1)

such experiments were used to establish a correlation between the temperature reading

from the thermocouple and the actual temperature of the sample.

exhaust

heater
\

_ N2 in
thermocouple

temperature
controller

room-T
N, gas

drive liquid N, bat

bearing

Figure 2.3 - Schematic of cooling apparatus used for variable-temperature MAS
experiments. Bearing and drive air for the MAS probe were supplied from a high pressure
(300 psi) N, dewar. Sample cooling was achieved by blowing N, gas through a copper
coil located in a liquid-N, bath. The heating coil and thermocouple in the VT stack were
interfaced to a temperature controller which provided a feedback loop to regulate the
temperature. '
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2.2.1 SnCp,4 Spectra

Fluxional motion in tin compounds tends to be very rapid, which means extremely
low temperatﬁres are needed to characterize it.% Previous solution-state 'H NMR studies
of SnCp, in various solvents showed only a single resonance even at temperatures as low
as 138 K, which prevented mechanistic information from being determined.®

X-ray diffraction studies of SnCp, showed that all cyclopentadienyl groups were
monohapto and were bound to the tin atom in a distorted tetrahedral configuration through
elongated o-bonds (see Figure 2.1a).8 The crystal showed relatively low (monoclinic)
symmetry with large variations in the angles between the planes of the cyclopentadienyl
rings.

Figure 2.4 shows a series of one-dimensional MAS spectra of SnCp, recorded at
. different temperatures. The poor signal-to-noise of these spectra is due to the fact that the
T, of the protons in this sample is rather long at low temperatures, requiring recycle
delays of 40 s. '

At room temperature, only a single peak at 114.0 ppm was observed in the
spectrum of SnCpy. As the sample was cooled to 233 K, two additional broad peaks began
to appear at approximately 130 ppm and 50 ppm. As the sample was cooled still further,
the 114.0 ppm peak diminished in size, while the broad peaks continued to increase in
intensity. Finally, at 153 K, the 114.0 ppm peak had disappeared entirely, leaving 6111y the
two broader peaks.

A definitive intérpretation of these spectra is difficult due to their poor sénsitivity.
and resolution. Some of the sidebands overlap with some of the resonances, and the
recycle delay may not have been long enough to ensure that the spectra are quantitative.
Furthermore, SnCp4 was found to be extremely sensitive to moisture, and a change in the
appearance of the room-temperature spectra over severaj experimental sessions (data not
shown) indicated that the sample easily degraded. Although the spectra shown in Figure
2.4 were acquired on a freshly-packed sample, the integrity of the sample cannot be
guaranteed, and therefore all interpretations of the spectra are provisional. Nonetheless,

room temperature spectra acquired before and after the low-temperature experiments
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Figure 2.4 - 13C CPMAS spectra of Sn(nl-C5H5)4 at different temperatures. The spectra
are unscaled, and asterisks are used to denote spinning sidebands in cases where they do
not overlap significantly with peaks. Chemical shifts are in ppm from TMS. For all of the
spectra except for the room-temperature one, 128 scans were recorded with a recycle
delay of 40 s. (The room temperature spectrum resulted from the acquisition of 64 scans
with a 10 s recycle delay.)
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appeared identical, which supports the hypothesis that the broad peaks in Figure 2.4
represent motional processes rather than degradation of the complex due to absorption of
water.

Ohe possible interpretation of the spectra in Figure 2.4 is that the individual
monohaptocyclopentadienyl rings in SnCp, have different activation energy barriers for
fing rearrangement. At 298 K, the temperature was sufficiently high that all ring
rearrangements were rapid, and a single, motionally averaged peak was seen. As the
temperature was lowered, the rings with the highest activation energy barriers were now in
the slow motion regi‘me. In this limit, one would expect to see distinct and broad
resonances for each of the five types of carbons in these rings (see Section 2.2.2). These
resonances would then be expected to narrow as the temperature was lowered still further.
Indeed, the resonances at approximately 130 and 50 ppm were quite broad at 193 K, and
the 130 ppm signal narrowed appreciably at lower temperatures. Although only two peaks
(rather than five) were observed, the sum of the intensity of the peak at 130 ppm and its
sidebands is clearly greater than the intensity of the peak at 50 ppm in the spectrum at 153
K, indicating that more carbons contribute to the signal at 130 ppm. Further quantification
was not attempted due to the limited resolution of this data. However, the empirical
tendency® for sp3-hybridized carbons to be more shielded than spz-hybridized carbons
suggests that the peak at 50 ppm be assigned to the sigma-bonded carbons in the
cyclopentadienyl rings and that the peak at 130 ppm is due to the four remaining carbons.
Further support for this assignment comes from the fact that 114 ppm is the weighted
average of four resonances at ~130 ppm and one resonance at ~50 ppm.

As the temperature was lowered from 233 K to 153 K, cyclopentadienyl rings with
lower activational energy barriers entered the slow-motion regime. Thus, the intensity of
the peak at 114.0 ppm monotonically decreased while the intensity of the broad peaks
increased. Finally, at 153 K, the peak at 114.0 ppm disappeared almost entirely, indicating
that at this temperature few of the ring rearrangements were occurring rapidly on the
NMR timescale.

Unfortunately, it was not possible with our experimental apparatus to be sure that
the motion was frozen out entirely. However, it is likely that the broad peaks at 153 K

were due to a dispersion of the isotropic chemical shifts for the different sites rather than
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motional effects. X-ray crystallographic results show that steric distortions are present in -
crystal]iné SnCp4;86 such distortions might be responsible both for variations in isotropic
shifts and for the range of activation energy barriers. |

Because of the long spin-lattice relaxation times and poor site resolution, two-
dimensional exchange experiments were not performed on this compound. Consequently,
the ring rearrangement mechanism cduld not be determined. ‘

A Herzfeld-Berger analysis* was performed on the room-temperature spectrum to
determine the motionally averaged values of the carbon chemical-shielding tensor. The
following values were obtained: 61y = 165 £ 8 ppm, 05, = 146 + 15 ppm, 633=23 + 10.
ppm, nCS =0.2 £ 0.3 ppm, 8¢S = 89 + 10ppm. A previously reported analysis of the
room temperature B¢ powder lineshape found values of 6;; = 180 ppm, 65, = 143 ppm,
and 033 = 31 ppm.» The authors of this study did not report error bars for this fit, but the
signal-to-noise ratio was such that the error bars should be sizeable. Our resulits, therefore,

are not inconsistent with theirs.

2.2.2 HfCp, Spectra

The compound Hpr4 has two monohaptocyclopentadienyl rings and two
pentahaptocylopentadienyl rings (see Figure 2.1b), which make it similar in structure to .
TiCpy. X-ray diffraction studies of HfCp4 show that, unlike in the case of the SnCpy
compound, considerable molecular symmetry is present.!”97 The two eta rings are
magnetically equivalent and the two sigma rings are related by a two-fold axis of
symmetry. In fact, as will be shown below, the corresponding primed and unprimed
monohaptocyclopentadieny! carbons in Figure 2.1b resonate at the same frequency. In the
rest of this chapter, the unprimed labels (C1, C2, C3, etc.) will be used to refer to both
carbons. The double bonds are between C2 and C3 and betv;/een C4 and CS5.

Solution-state '"H NMR studies of both HfCp, and TiCp, have been performed
previously.%® Whiie ring interchange was observed for TiCp,, no change was seen in the
'H spectrum of HfCp, at temperatures as low as 123 K. A solid state study of HfCp, was,

N

therefore, desirable.
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Figure 2.5 shows the variable-tcmperaturé, one-dimensional 13C CP/MAS spectra
of HfCp, for the same temperature range as in Section 2.2.1. The room temperature
spectrum shows a single peak (at 113.0 ppm) and its spinning sidebands. Herzfeld-Berger
analysis®% of this spectrum reveals that the chemical-shielding tensor associated with this
site is axially symmetric, which is what is expected for a rapidly moving n5-C5H5 group.®?
Thus, the peak at 113.0 ppm was assigned to the ten carbon atoms of the two nS-CSHS
rings.  This peak retained its intensity and its symmetry throughout the range of
temperatures studied, indicating that the activation energy barrier for eta ring reorientation
is very low. This motion may also provide an efficient relaxation mechanism for_the
protons at low temperature: the 'H T, of HfCp, is approximately 1.7 s at room
temperature, significantly shorter than the T of SnCpy. ' ’

Absent from the spectrum at 298 K was direct evidence of the carbons from the
sigma rings. These carbons may have contributed to the broad baseline in this spectrum.
Alternatively, the motion of these groups could have occurred at a similar rate to the
decoupling frequency, leading to destructive interference and loss of signal.!® As the
temperature was lowered, peaks due to the monohaptocyclopentadienyl rings became
evident: first as broad humps at 213 K and later as well-defined resonances at 90.0, 126.5,
127.9, and 130.7 ppm. These resonances correspond to four of the five types of carbons
on the nl-C5H5 ring. The fifth resonance was assumed to lie under the intense 1°-CsHs
resonance because this large peak had six times the intensity of the smaller peaks; this
assignment was subsequently confirmed by two-dimensional exchange experiments (see
Section 2.3). As in the case of SnCpy, the most-shielded monohapto carbon resonance
can be assigned to the carbon sigma-bonded to the metal group since sp3-hybridized
carbons tend to be more shielded than spz-hybridized carbons.’ The issues involved in
assignment of the remaining resonances will be discussed in Sections 2.3 and 2.4.

Table 2.1 shows the principal values of the 13¢C chemical shielding tensor for each
of the sites in HfCpy. These were extracted from a spectrum of HfCp, recorded at 133 K
(data not shown) in which the motion of the sigma rings was assumed to be frozen out.
(No cross peaks were seen in two-dimensional exchange spectra at this temperature for
mixing times as long as 500 ms.) Herzfeld-Berger spinning sideband.intensity analysis®

was used to determine the principal values and a modified version of the Speedyfit®®
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Figure 2.5 - B¢ cpmMas spectra of Hf(T]5 -CsHs), (nl-C5H5)2 at different temperatures.
The spectra are scaled to the height of the tallest peak, but that peak is truncated in these
plots. Asterisks are used to denote spinning sidebands. Chemical shifts are in ppm from
TMS. For each of these spectra, 512 scans were recorded with a recycle delay of 3 s.



program was used to deconvolve the partially overlapping lines by iteratively fitting a
simulated spectrum to the experimental spectrum. Previous measurements of the 3¢

CSA in this compound were performed on a static sample and, therefore, were an average

over all sites.%

Sﬁ?tt r[g‘;,i;] Gy [ppm] | oz;[ppm] | O33[ppm] nCs 5CS [ppm]
90.0 157 £1 90+ 1 23+1 | 1.00£004 | -67+ 1
113.08 162+ 1 162+ 1 15641 | 0004001 | -98 +1
126.5 197£3 15746 24+4 | 039+0.10 | -102 +4
127.9 199 +4 158 £ 6 26+4 | 0414011 | -102 +4
130.7 22042 132 +3 3942 | 097+006 | -91 +2

Table 2.1 - Principal values of the B¢ chemical-shielding tensor for individual sites in HfCp,.

a. Thispeakisa superposition of two peaks: an intense resonance from the pentahapto 'group and a
smaller resonance (with one-fifth the intensity) from one of the carbons in the monohapto group.
Thus, the corresponding principal values reflect a weighted average of the two.

The intensity of the peak at 113.0 ppm is primarily due to the pentahapto carbons
although it also contains contributions from one of the monohapto carbons. Still, the
relative sideband intensities are dominated by the pentahapto carbons, and the chemical-
shielding tensor appears axially symmetric.

The principal values of the chemical shielding tensor for the other sites are similar
to those found in the literature.?1%! Based on a compilation of data from fifty-three
compounds, T. M. Duncan® has determined that a typical olefinic carbon nucleus has an.
isotropic chemical shift of 131 ppm (with a standard deviation of 10 ppm) and principal
chemical shielding tensor components of 6;; = 224 + 16 ppm, 65, = 134 + 21 ppm, and
o033 = 37 £ 15 ppm. The 126.5, 127.9, and 130.7 ppm resonances in the spectrum of
HfCp, all have tensor components that fall within two standard deviations of these values,
while the 0;, and especially the 6{; components of the 90.0 ppm site lie outside this
range. This further supports the assignment of the 90.0 ppm resonance to the C1 carbon.
However, empirical correlations of the chemical-shielding tensor components do not

permit a definitive assignment of the C2, C3, C4, and CS5 carbons.
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Two-dimensional exchange experiments were successfully performed on HfCp,

and will be discussed in Section 2.3.

2.2.3 ZrCp,4 Spectra

The X-ray structure of ZrCp, was highly controversial for many years. Although
the structure depicted in Figure 2.1c was first proposed as early as 1970,'% it was
immediately challenged by other researchers.!®® The primary reason for this was that a
Zr(nS-C5H5)3(T]1—C5H5) configuration would imply that the zirconium atom had twenty
electrons in its valence shell (four from the.zirconium, five from each pentahapto
cyclopentadienyl grdup, and one from the monohapto group). This violates the well-
established “18-electron rule” which predicts that transition-metal elements strive to
~ achieve a closed-shell configuration. While exceptions to the 18-electron rule (such as
- TiCpy4 and HfCpy) are known, they tend to be in the other direction; that is, elements on
the left side of the d-block’ often have fewer than eighteen valence electrons because of
steric considerations.>® In fact, this is often proposed as a reason for the instaﬁility of such
c.ompounds."’4 In 1978, however, a more accurate X-ray structure determination showed
“that ZrCp, does indeed have the configuration shown in Figure 2.1c, although the Zr-C
bond lengths were significantly longer than the typical case.®® It may be possible to think
of these extended bond lengths as indicative of effectively fewer electrons being donated
per Cp group;®# this would then allow an 18-electron configuration to be achieved.

Another surprising aspect. of this structure was that it differed significantly from
" HfCp4.*” Generally, it 'has been assumed that zirconium and hafnium have the same
organometallic chemistry.* However, the X-ray structures showed that this was clearly
not the /case (see Figure 2.1). Variable-temperature solution-state ,lH NMR studies of
ZrCp,4 have been performed but showed no change in the spectrum for tempefatures as
low as 123 K.%8

In Figure 2.6 a series of one-dimensional, variable-temperature 1-3C CP/MAS
spectra of ZrCp, are shown. A strong pentahapto peak at 112.8 ppm was visible at all
temperatures studied.  Already at room temperature, resonances due to the

monohaptocyclopentadienyl groups were evident; therefore, higher temperature
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Figure 2.6 - '3C CP/MAS spectra of Zr(nS-C5H5)3 (T]I-C5H5) at different temperatures.
The spectra are scaled to the height of the tallest peak, but that peak is truncated in these
plots. Asterisks are used to denote spinning sidebands. Chemical shifts are in ppm from
TMS. For each of these spectra, 512 scans were recorded with a recycle delay of 3 s.
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experiments were performed to reach fhe fast—exéhange limit. At 173 K, ﬁvle distin;:t
resonances from the carbons in the monohaptocycloﬁentadienyl riﬁg were observed at
63.7, 119.1, 124.3, 138.3, and 141.0 ppm. A sixth resonance at 121.4 ppm was actually a
sideband of the 63.7 ppm site; with the achievable spinning speeds of the probe, it was not
possible to prevent the sidebands and centerbands from overlapping. Consequently,
Herzfeld-Berger fits could not be performed on the monohapto carbons. The principal
values of the pentahapto carbon chemical shielding tensor were determined to have the
following values: G;; = 157 + 5 ppm, Gy, =156 + 9 ppm, G33 = 23+ 5 ppm, N5 = 0.0 *
0.1 ppm, 8C5=-89+5 ppm. To within the accuracy of the fitting procedure, the expected
axial symmetry Was observed. The 13C CSA of this compound has been previously
measured by another group,” but their measurements were .on a static sample which
prevented fhem from distinguishing b’_eiWeen monohapto and pentahapto cycl(?pentadienyl
rings. A

Two-dimensional exchahge experiments on ZrCp, were attempted for
" temperatures in the range of 198-298 K and for mixing times as long as 500 ms, but no
cross peaks were observed. Ring rearrangement in .ZrCp, may occur on a slower

timescale, however.

2.3 Two-dimensional Exchénge Spectroscopy

While the one-dimensional spectra of HfCp, in Section 2.2.2 indicated that motion
of the monohaptocyclopentadienyl rings was occurring, the nature of that motion
remained to be determined. A variety of possible dynamical processes such as monohapto
ring flips, exchange between monohapto and pentahapté rings, [1,2] sigmatropic
rearrangements, and [vl ,3] sigmatropic rearrangements may have been taking place.

To probe the dynamics in solid HfCp,, several types of experiments could be
performed. One possibility is one-dimensional magnetization transfer experiments!%>1%
which can indicate exchange between a given pair of sites. However, in many ways, two-
dimensional experiments are preferable since they can provide information about mény
exchanging sites simultaneously. This examination of the dynamics of HfCp, is believed ‘
to be the first instance in which two-dimensional exchange NMR was used to study the

fluxional motion of n]-C5H5 groups.
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Figure 2.7 shows the pulse-sequence, coherence-transfer pathway, and phase cycle
for the two-dimensional exchange experiment performed on HfCp,. In this sequence, the
cross-polarization step creates carbon magnetization which evolves for a time period t;.
Then this magnetization is flipped along the z-axis for a mixihg period, Ty, after which
another 90° pulse is applied and the signal recorded. If atomic rearrangemént occurs
during T a two-dimensional pattern of peaks will result with off-diagonal peaks
indicating which sites exchangéd magnetization during the mixing time. The phase cycle
shown in Figure 2.7 retains mirror-image coherence-transfer pathways to permit the

construction of pure-phase two-dimensional spectra (see Section 1.5.2). Spin-temperature

1H ¢1. .¢2

0 0202 0202

Oy 111 1114

05;: 0000 0000 forcosine data set |
¢5: 1111 1111 for sine data set
¢,; 0000 0000

05 0011 2233

0p: 0213 2031

Figure 2.7 - Pulse sequence, coherence-transfer pathway, and phase cycle for a two-
dimensional exchange experiment using hypercomplex data acquisition.
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alternation*” and CYCLOPS phase cycling® of the last pulse are used to eliminate
experimental artifacts. Protori découpling is used during the 'acquisition to improve
spectral resolution. | ’

| Figure 2.8a shows the two-dimensional exchange spectrum of HfCp, recorded at
188 K with a mixing time of 50 ms. The experimental apparatus and parameters were the
~ same as those described in Section 2.2. Cross peaks indicated exchange between five
pairs of resonances: (90.0, 113.0), (90.0, 130.7), (113.0, 126.5), (126.5, 127.9), and .
(127.9, 130.7). Unfortunately, the spéctrum was not artifact-free. The (90.0, 113.0) and
(113.0, 1 26.5) cross peaks were actually more intense than they appear in the contour plot
since the two-dimensional spectrum had a négative inténsity ridgé at. ®, = 113 ppm. In
addition, there was a positive intensity ridge at @; = 113 ppm due to t;-noise, an
experimental artifact. This obscured two of the cross peaks; however, due to the
symmetry of two-dimensional exchange spectroscopy, their presénce can beinferrqd from
the other dimension. The quality of the spectrum was not high 'enough to permit an
estimation of the rate constant from the cross péak intensities, but useful information
about the rearrangement mechanism coula still be obtained.

Several conclusions about peak assignments and the nature of the primary
mechanism for rearrangément can be drawn from the Iocations of the cross peaks in the
spectrum. First, the presencé of cross peaks between the large peak at 113.0 ppm and
some but not all of the monohapto peaks indicates that ring exchange between the
monohapto and pentahapto groups cannot be the dominant rearrangement mechanism at
this tempefature. It also confirms that one of the carbon resonances of the nl—C5H5 group
is indeed hidden underneath the n5-C5H5 resonance. Secondly, the presence of cross
peaks between the 90.0 ppm resonance, which was assigned to the C1 carbon (see Section
2.2.2), and the peaks at 113.0 and 130.7 ppm indicates that the primary rearrangement
mechanism is not ring flips because the C1 carbon would not exchange positions during a
ring flip. When a longer mixing time (200 ms) was employed to allow multiple exchanges
to occur, cross peaks were observed between all of the monohapto resonances (Figure
2.8b). If we assume that significant spin diffusion has not occurred on this timescale (a
reasonable assumption for natural abundance '2C in the absence of spin-diffusion driving

mechanisms?!91%) _this further indicates that the rearrangement mechanism is not ring
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Figure 2.8 - Two-dimensional exchange spectra of Hf(nS-CSHS)Z(nI-C5H5)2_ at 188 K.
One hundred and twenty-eight t; slices with twenty-four scans in each were recorded with
a recycle delay of 3 s. Only positive contours are shown. In (a), a mixing time of 50 ms
was used, while in (b), a 200 ms mixing time was used.
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flips. Finally, the absence of equal-intensity cross peaks between all of the sites in Figure

2.8a rules out the possibility of multiple sigmatropic rearrangement mechanisms occurring

with nearly equal probability. We can therefore conclude that a single type of sigmatropié

rearrangement is the dominant mechanism, and that a single such rearrangement occurs in

less than 50 ms at 188 K.

The next step is to determine whether that mechanism is a [1,2] or a [1,3]

- sigmatropic rearrangement. Figure 2.9 depicts a schematic of the pattern of cross peaks

observed in the two-dimensional exchange spectrum with the 50 ms mixing time.

‘Unfortunately, interpretation of this pattern requires that the five nl-CSHS carbon
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Figure 2.9 - Diagram of the cross peaks observed in the two-dimensional exchange
spectrum of HfCp, and the possible peak assignments. The labels on the top and the right
sides of this diagram indicate the carbon resonance assignments that correspond to a [1,2]
. sigmatropic rearrangement. The labels on the bottom and the left sides of this diagram
indicate the carbon resonance assignments that correspond to a [1,3] sigmatropic

rearrangement.
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resonances be assigned. This is difficult to do a priori. Although one can assign the 90.0
ppm resonance to the Cl carbon with reasonable confidence (see Section 2.2.2),
assignment of the remaihing carbons is more difficult. One can make comparisons with
solution-state studies of related compounds, but the perils of such an approach will be
discussed in Section 2.4. For HfCpy, two possible assignment schemes are consistent with
the experimentally determined pattern of cross peaks. The first, represented by the labeis
on the top and on the right hand side of Figure 2.9, would assign the 113.0 ppm resonance
to the C2 carbon, the 126.5 ppm resonance to the C3 carbon, the 127.9 ppm resonance to
the C4 carbon, and the 130.7 ppm resonance to the C5 carbon. The pattern of cross peaks
would then be consistent with a [1,2] sigmatropic rearrangement in which C1—-C2,
C2-C3, C3-5C4, C4—-C5, and C5—-C1. Alternatively, the éssignment represented by
the labels on the bottom and left sides of Figure 2.9 is possible. In the assignment, the
113.0 ppm resonance would correspondvto the C3 carbon, the 126.5 ppm resonance to the
CS carbon, the 127.9 ppm resonance to the C2 carbon, and the 130.7 ppm resonance to the
C4 carbbn. The pattern of cross peaks would then be consistent with a [1,3] sigmatropic
rearrangement in which C1—-C3, C2——>C4, C3-—-C5, C4->Cl1, and C5-C2.

Knowledge of which NMR peaks were exchanging, even without knowing to
which carbons they corresponded, permitted us to reexamine the one-dimensional
variable-temperature spectra of Section 2.2.2 and extract Arrhenius parameters. The
lineshapes could now be fit using a model in which magnetization hopped among the
peaks according to the pattern depicted in Figure 2.9. In these fits, it was assumed that the
chemical shifts were constant over the entire temperature range and that the increased line
broadening at higher temperatures was entirely due to exchange. It was also assumed that
exchange between the centerbands and sidebands was negligible. The monohapto peak at
113.0 ppm could not be fit since it overlapped with the pentahapto peak, but it was
assumed to have a similar intensity to the other four monohapto peaks. The relative
intensities of the remaining four peaks were extracted from the 133 K spectrum and fixed
to those values in the higher temperature simulations. Figure 2.10 shows the experimental

spectra, the simulated spectra, and the rate constants extracted from the fits.
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Figure 2.10 - Experimental and simulated spectra corresponding to a single sigmatropic
rearrangement of the monohaptocyclopentadienyl groups in HfCpy. The peak at 113.0
ppm in the experimental spectra is comprised of carbon atoms that are involved in the
exchange as well as carbon atoms that are not involved. Only the exchanging carbons are

. simulated.
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An Arrhenius plot of In(k) vs. 1/T is shown in Figure 2.11; the error bars reflect a
+ 5 K uncertainty in the temperature. From this plot, the activation energy for the
sigmatropic  rearrangement that occurs in HfCp, was found to be
E, = 244115kJ/ (K mol) and the preexpoﬁential factor was A = 8.4x10% 5™ .

Once the resonances of the monohapto carbons are reliably assigned, the two-
dimensional exchange results can be used to definitively determine whether  the
rearrangement mechanism is a [1,2] or [1,3] shift. To assign the peaks correctly, however,
independent experiments (such as INADEQUATE) will need to be performed on a doubly
13C.labeled version of HfCp,. Since doubly-labeled cyclopentadienyl rings are difficult

to synthesize, such experiments have not yet been performed.
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Figure 2.11 - Arrhenius plot of the rate of sigmatropic rearrangement in the monohapto
cyclopentadienyl rings of HfCp, in the solid state. The activation energy is E,= 24.4+ 1.5
kJ/(K mol) and the pre-exponential factor is A= 8.4 x 108571,
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2.4 Comparison of HfCp,4 and TiCp4 Exchange Spectra

Since the crystal structure of Hf(nS-C5H5)2(n1-C5H5)2 is very similar to that of
Ti(nS-C5H5)2(n1-C5H5)2, it is iméresting to compare our results with the results of a
-recent solid-state NMR sltudy of TiCps8 In this work, variable-temperature, one-

* dimensional 13C CP/MAS experiments were performed on TiCp, over the 165-369 K
ten}perature range. Below 200 K, five distinct monohaptocyc_]6pentadienyl resonances
were seen at 89.3, 114.9, 121.8, 126.8, and 136.3 ppm. A large pentahapto peak at 117.3
ppm was also observed in all spectra. One-dimensional exchange experiments based on -
magnetization transfer were performed at 165 K, and lineshape analysis ci-the one-
dimensional, variable-tempefature spectra was used to estimate the Arrhenius parameters
for the ring-rearrangement process. The authors of the TiCp, study concluded that a
single dominant sigmatropic rearrangement was the priméry motion at 165 K and that this
rearrangement was a [1,2] shift.

While their conclusion that a single sigmatropic rearrangement predominated is
supported by their experimental evidence, their method of peak assignment is somewhat
suspect. The authors noted that in solution studies -of TiCp, the C2 resoﬁance is
degenefate with the C5 resonance, and the C3 resonance is degenerate with the C4
resonance.”® They therefore assumed that in the solid state, the C2 peak must lie next to
the C5 peak, and the C3 peak must lie next to the C4 peak. Although this appears
reasonable, our results for the structurally analogous HfCp, compound show that this is
not necessarily the case. The only two peak assignments consistent with the two-
dimensional exchange spectrum of HfCp, (see Figure 2.9) require that the peaks in either
the (C2, C5) or the (C3, C4) pair be separated by 17.7 ppm! This is, admittedly, quite a
large separation for carbons with identical local electronic environments, but as the
authors of the TiCp,4 study point out, a plausible explanation for large splittings between
monohapto carbon resonances in the solid state is a through-space perturbation of the local (
electronic environment by the aromatic pentahapto rings.3> Regardless of the reason for
the splittings, ‘it is clear that significant differences between solid and solution-state

spectra make assignments based on solution-state studies unreliable.

© 75



The authors of the TiCp;t study continued their arguments for the peak assignments
by comparing asymmetry parameters for the different sites and discussing expected ring
current shifts. They did not, however, justify why they thought the asymmetry parameter
was a valid criterion for assigning pairs of carbon resonances within
monohaptocyclopentadienyl groups. The components of the chemical-shielding tensor
can be quite sensitive to long-range interactions,'® and the asymmetry parameters for the
monohapto carbons in TiCpy (n = 0.54, 0.83, 0.87, 0.72, and 0.74) were significantly
different from those measured in the HfCp, analogue (see Table 2.1).

The final assigiiments made by the authors of the TiCp, study were the following:
C1=89.3 ppm, C3=114.9 ppm, C4=121.8 ppm, C2=126..8 ppm, and C5=136.3 ppm.
These assignments were then used in combination with magnetization-transfer
experiments and with lineshape analysis to infer that a [1,2] sigmatropic shift
rearrangement was the dominant mechanism for the monohaptocyclopentadienyl rings in
TiCpy4 at 165 K.

Although it may be tempting to make a one-to-one correspondence between the
peaks in TiCp,4 and those in HfCpy, the above discussion shows that such assumptions can
be dangerous. Despite their similar structures, HfCp4 and TiCp4 have different crystal-
packing geometries, and the precise effect of such differences on the chemical shift is
unknown. We therefore chose to perform the same two-dimensional exchange experiment
(see Figure 2.7) directly on TiCpy.

A sample of TiCpy was synthesized by Dr. Murray S. Davies according to the
method of Calderon et al.® Due to the extreme sensitivity of this compound to moisture
and oxygen, the sample was sealed in a Wilmad glass rotor insert, and the entire insert was
placed into a 7.5 mm zirconia rotor. The two-dimensional experiment was performed by
Professor Eric Munson and Michelle Douskey at the University of Minnesota on a similar
apparatus to that described in Section 2.1.

Figure 2.12 shows the two-dimensional exchange spectrum of TiCp, recorded at
183 K with a mixing time of 50 ms. Comparison with Figure 2.8 reveals that the same
pattern of cross peaks is present in both HfCp4 and TiCp4. Therefore, by the arguments of
Section'2.3, only two sets of peak assignments are possible. In one assignment, consistent

with a [1,2] shift, the 114.9 ppm resonance corresponds to the C2 carbon, the 121.8 ppm
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. resonance to the C3 carbon, the 126.8 ppm resonance to the C4 carbon, and the 136.3 ppm
resonance to the C5 carbon. For the other assignment, consistent with a [1,3] shift, the
114.9 pp_rh resonance corresponds to the C3 carbon, the 121.8 ppm resonance to the C5
carbon, the 126.8 ppm resonance to the C2 carbon, and the 136.3 ppm resonance to the C4
carbon. The assignment proposed by the authors of the TiCp, study cannot, therefore, be
correct. As in the case of HfCp,, independent experimenis will be required to determine
whether a [1,2] or [1,3] sigmatropic rearrangement mechahism is occurring.

| This example highlights the utility of two-dimensional exchange spectroscopy.
Unlike one-dimensional experiments, which require one to make a series of assumptions,

the two-dimensional experiments provide direct evidence of which sites are exchanging.
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Figure 2.12 - Two-dimensional exchange spectrurh of Ti(nS-CSHS);_(nl-CSHS)‘ZA at 183 K.
Thirty-two t; slices were recorded. Only positive contours are shown. The mixing time
was 50 ms. )
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For the cases of HfCp, and TiCpy, they have shown that the rhonohaptocyclopentadienylr
rings predominantly undergo a single type of sigmatropic rearrangement in the solid state
and that only two sets of peak assignments are possible. When combined with an
independent measurement of the connectivities between neighboring carbons (for
instance, in an INADEQUATE experiment), the exchange spectra will enable the ring-

rearrangement mechanism to be definitively determined.
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Chapter .3: Spin Locking of Quadrupolar Nuclei During
| MAS |

Ali_ of the experiments presented in Chapter 2 required cross polarization from H
to C to enhance the carbon sensitivity. Without such cross polarization, the carbon
signal would have been too weak to be detected on a prac_ticai timescale. The favorable
properties of protons -- a high gyromagnetic ratio, high natural abundance, and typically
short longitudinal relaxation timés -- have made their use as a polarization source nearly
ubiquitous in studies of organic, organometallic, and biological systems.

However, many interesting inorganic materials lack protons. In such cases,
another polarization source is necessary to facilitate the study of insensitive nuclei. While
nuclei such as 23Na and 27Al seem promising due to their 100% natural abundance and
short relaxation times, they have spin-quantum numbers gr=ater than 1/2 and therefore
are subject to the quadrupolar interaction. This can create complicatidns when attempting
to cross polarize from them.

Since cross polarization can only occurvif both spins can be spin-locked long
enough for magnetization to be transferred, it is necessary to determine the conditions
under which efficient spin locking is possible. In this chapter, the complications inhérent
in spin locking a quadrupolar nucleus will be examined by both experiments and

simulations on a model aluminosilicate compound.

3.1 Low Albite as a Model Compound

Silicon is a major component of many techriologically and geochemically
important inorganic materials including zeolites, glasses, minerals, and gels. Since these
materials often have limited long-range order, solid-state 2°Si NMR has proven to be
particularly useful in eliciting information about their étructure.’”’”o However, the low
natural abundance of 29Si (4.7%) combined with its relatively low gyromagnetic ratio
make 2°Si NMR inherently insensitive. Furthermore, significant improvement of the
signal-to-noise ratio by signal averaging is usually time-consuming due to the typically
long T relaxation times of 2si (frequently on the order of minutes). Consequently, two-

dimensional experiments are often impractical, unless isotopic enrichment or cross
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polarization (CP)"! is used. If the silicate contains protons, cross polarization from
protons to silicon can greatly enhance the 29g5i NMR intensities. In this thesis, however,
thelcase where protons are not present is investigated to see if cross polarization from
quadrupolar nuclei can provide a significant enhancement of the 2si sensitivity.

Figure 3.1 deplcts the crystal structure of the feldspar low albite (NaAlSi;Og) as
determined by X-ray and neutron diffraction.!’> Low albite was chosen as a model
compound for 27 Al-to-2°Si and »Na-to-2Si cross-polarization experiments for several
reasons. In many ways low albite is a typical inorganic aluminosilicate, composed of a
framework of connected AlO,4 and SiO, tetrahedra and non-framework, charge-balancing
counterions (in this case Na*).!!*> However, the analysis of cross polarization from the
quadrupolar nuclei in low albite is simplified by the presence of only one crystallographic
27Al site and one 23Na site. Furthermore, low albite is highly ordered with the silicon
occupying three distinct crystallographic T-sites in equal amounts.!'2 Two of these sites
are coordinated via bridging oxygens to one aluminum atom and three silicon atoms and
are commonly denoted as Q*(1Al) sites. The superscript 4 indicates that all four oxygens
are bridging, and the integer 1 indicates the presence of a single aluminum “nearest

neighbor.” The third silicon site is coordinated via bridging oxygens to two aluminum and

T2m site
T1m site
T20 site
T10 site

Figure 3.1 - The structure of low albite (NaAlSi3Og) as determined by X-ray and neutron
diffraction. Four crystallographically inequivalent tetrahedral sites are present: one is
occupied exclusively by Al and the other three by Si atoms.
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two silicon atoms and is denoted as a Q4(2A1) site.  Assignment of these silicon sites to
three distinct and narrow 2°Si MAS NMR resonances can be found in the
- literature. 13 114115:116:117 (Note that there is a mistake in the labeling of the crystallographic

sites in Ref. 116)  Table 3.1 lists these assignments along with the distances between each

Isotropic N Numl.)er of Dlstal.nce to Distance to
Shift? Crystallographic aluminum - aluminum nearest
[ppm] T-site . nearest nearest dium®

neighbors | neighbor(s)® | S°®ium

3.019A .

91.8 T2m 2 3.080 A 3.291 A
-96.1 T20 1 3.132 A 3.494 A
-103.9 Tim 1 3.156 A 3.394 A

Table 3.1 - Silicon sites in low albite (NaAlSi;Og).

a. Chemical shift values were referenced to an external TMS standard and are within 1 ppm of lit-

erature values 113,114,115.116,117

) b. Distances were determined using neutron-diffraction data from Harlow et al.''?

silicon site and its nearest aluminum and sodium neighbors. The 2.9Si isotropic chemical
shi'fts follow the typical trends for aluminosilicates with more aluminum nearest neighbdrs
corresponding to more deshielding within a given Q" group.!'® The sample of low albite
used for the experiments in this thesis came from Cazadero, California, U.S.A. Figure 3.2
shows the one-dimensional 2°Si MAS spectrum of this sample. Although other

researchers have reported seeing splittings in two of the 29g; resonances in low albite

Si(2Al) Si(1Al) Si(1Al)
T2m T20 Tim

llllIIIITTIIIIIIllllfllllllllll

-85 -90 -95 -100 -105 -110
[ppm from TMS]

Figure 3.2 - 295i MAS NMR spectrum of low albite recorded at 11.7 T with a spinning
speed of 2.4 kHz and a recycle delay of 2000 s.
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(which they attributed to heteronuclear J-couplings of approximately 8-9 Hz in
strength),!!® no such splittings were observed in our experiments. However, magnetic-

field inhomogenéity (due to sub-optimal shimming) may have obscured the J couplings.

a)

150 = 100 5 0 -50
[ppm from AINO; (aq)]

Figure 3.3 - 2TAI MAS spectra of low albite at (a) 9.4 T, 4 kHz spinning speed, (b) 11.7 T,
2.4 kHz spinning speed, and (c) 11.7 T, 500 Hz spinning speed. To a good approximation
only the central transition is excited and detected. '

20000 10000 0 -10000 -20000
[kHz]

Figure 3.4 - 2>Na MAS spectra of low albite at 11.7 T, 2.4 kHz spinning speed. Only the
central transition is excited/detected.



The 2’Al and 23Na MAS spectra of low albite at various field strengths and
spinning speeds - are shown in Figures 3.3 and 3.4. The 271 spectrum is relatively
structureless at 11.7 T and a spinning speed of 2.4 kHz, but the 23Na spectrum shows a
more typical powder pattern under the same conditions. Several sets of quadrupolar
parameters for these sites have been published in the literature!!*1!®119 and are summarized

in Table 3.2.

Nucleus Cqcc [MHZ] n Reference
271 | 3.37 0.634 Brun ét al.l?
-3.29 0.62 Kirkpatrick et al.!!?
3.32 0.64 Woéssner et al .18
23Na 2.62 0.25 Brun et al.!?
2.59 0.25 Kirkpatrick et al.!!3

Table 3.2 < Quadrupolar parameters in low albite (NaAlSi;Og)

3.2 Spin Locking of Half-Integer Quadrupolar Nuclei

Since cross polarization can only occur if both spins can be spin-locked long
enough for magnetization to be transferred, it is necessary' to determiné the conditions
under which efficient spin locking is possible. Both spin-1/2 and quadrupolar nuclei
undergo relaxation during a spin lock, characterized by one or several rotating-frame
relaxation time constants, T o However; the behavior of the central transition of a half-
integer quadrupolar nucleus during a spin lock is also influenced by the time dependence
of the quadrupolar coupling under MAS, which can dramatically reduce the spin-locking
efficiency for certain combinations of rf field strengths, spinning speeds, and quadrupolar
coupling constants. A theoretical treatment of some of these interference effects has been
given in the literature!20-121122123 and will be summarized here. Throughout this chapter
and the next, the S-spin refers to the quadrupolar nucleus (*’Al or 3Na) and thé I-spin to
the spin-1/2 nucleus (¥°Si). ’

When a spin-lock field is applied to a quadrupolar nucleus, the rotating-frame

Hamiltonian can be written (in units of energy) as -
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P

H = ho S, + hA®S, + 7, 3.1

where ;g is strength of the rf-field used for the spin lock, Aw is the offset of the
irradiation from the Larmor frequency, and :;[Q is the rotating-frame quadrupolar
Hamiltonian. The quadrupolar Hamiltonian in the rotating frame can be expressed in
terms of irreducible spherical tensor operators (see Section 1.2.5),% and an operator form

of static perturbation theory can then be applied.?® This procedure gives a first-order term

~ (1) D5),Q Q
Ho =h(-3—'—)R2,0T2’0 (3.2)

where Rg o and TS o are spatial and spin tensors, respectively,® and @, is the quadrupolar

coupling constant

2
3e qQ 67
—_ -_— C . 3.3
®Q = 38 (2S-1)% - 28(25-1) ~ace (3.3)

The second-order contribution to the quadrupolar Hamiltonian is

2
Hy = %QL (2R RE (13 13 1+RE,RE LTI, 12 1} (34)
where @y is the Larmor frequency. ,
‘Because the Rg m term.s in Equations (3.2) and (3.4) are orientation—dependent,
the pattern of energy level spacings for a quadrupolar nucleus under a spin lock differs for
different orientations of a crystallite with respect to the static magnetic field. This creates
complications when a sample is spun about an angle other than 0° since the spinning
process changes the orientations of the crystallites in a powder sample.lz“v Considering

just the first-order term of the quadrupolar Hamiltonian and applying the Wigner rotation

matrices as shown in Section 1.4.2, one can write Equation (3.2) as
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Tz,o‘hQ (a<,B,y

Here, o, BQ, and YQ are Euler angles relating the principal-axis system of the quadrupolar
interaction in a given crystallite to the reference frame of a rotor spinning about an axis
oriented a¢ an angle 6 relative to the static magnetic field. For 8=0", we see from Table 1.1

that

{l for m=0" (3.6)

(2)
d_7(0° .
0( ) = 0 for m=-2,-1,1,2

Thus only the time-independent (m=0) term of Equation (3.5) remains, and it is clearly
seen that spinning about 0° is equivalent to not spinning at all.. For 6=54.74" (the magic

(2) 0(54.74°) = 0, but the m#0 terms are non-zero. All first-order quadrupolar

angle), dy
~ terms are, therefore time-dependent under MAS, and the sign of o9 (o ﬁQ Q , t)
can change zero, two, or four times per rotor cycle. Figure 3.5 shows an energy-level
diagram for the Hamiltonian of Equation (é.l) where S=5/2 and where only the first-order
contribution to :;[Q is considered. The eigenvalues are plotted as a function of
Q(IQ)/(DIS. When ’Q(IQ)/mls is large, the eigenstates-of Equation (3.1) are well-
defined and are labeled along each side of Figure 3.5. Four of these eigenstates are
eigenvectors of S,. The remaining two eigenstates, |c+) and |c'), are eigenstates of the

(3,4)

fictitious spin-1/2 operator* on the central transition S and are defined as

N Loy, ]
Ic.>—ﬁ{!§>+lz>}

lc) = T {1hy- “)}

3.7
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For small values of |Q“Q)/mlsl, the eigenstates of the Hamiltonian are linear

combinations of these six eigenstates. A similar diagram can be drawn for the spin-3/2
case (see Figure 3.6). '

Note that the ordering of the eigenstates in Figures 3.5 and 3.6 depends on whether
Q(IQ) is positive or negative. Of particular interest, therefore, is the issue of what can

Q“Q) changes sign (i.e. - undergoes a “zero

happen to the spin-state populations when
crossing”) and how this influences the efficiency of the spin lock. To characterize the

possible scenarios, an adiabaticity parameter, o, has been defined!?121125

2
Wg

o= (3.8)
OO

i5 . — ; ; ,

10 ¢

)

Eigenvalue/fimqg
o
@
8
&
N

1
an
T
)
+
~

-10 |-5/2)

-15 1 1 L 1 ]

1Q) ,
Q /“’13

Figure 3.5 - Eigg?l\galues of Equation (3.1) where S=5/2, Aw=0.1w,g, and 5-[Q is

approximated by .
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where ®, is the spinning speed. While the definition of the adiabaticity parameter can be
refined to explicitly include individual crystallite orientations,'""!#*'26 Equation (3.8) is
adequate for a qualitative description of the observed experimental behavior. For nuclei in
which ®qg » 0, three regimes of spin-locking behavior have been defined based on the
rate at which Q'? changes vsign. In the adiabatic-passage regimev (o« 1), the sign
change is sufficiently slow that populations are transferred from their original eigenstate to
the eigenstate that is derived by continuity. For the spin-5/2 case, this implies that the
populations will oscillate between |ci) and [£5/2) as depicted in Figure 3.7a. ' In the
sudden- passage regime (o« 1), the sign change of the first-order quadrupolar |
Hamiltonian occurs too quickly for the populations to follow, and the populations remain
in their original eigenstates. This is depicted schematically in Figure 3.7b. In both of
these regimes, efficient spin-locking of the central transition is possible (although, as we
will show below, there are some additional considerations)fv In the intermediate regime
(o= 1 theoretically, o = 0.4 experimentally'?) the eigenstates are poorly defined, and

spin locking is very inefficient.

S

\o]

Eigenvalue/himqg

1QO
aQ)

Q ©yg

Figure 3.6 - Eig_e?lvalues of Equation (3.1) where S=3/2, Aw=0.lw,s, and 5-[Q is
approximated by g ,
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Figure 3.7 - Diagram of population transfers in different regimes. The patterned lines
correspond to populations before and after a single zero crossing. (a) Adiabatic case.
Populations are transferred to the eigenstates to which they are connected by continuity.
(b) Sudden case. Populations remain in original eigenstates.
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This a-dependent behavior has important implications for many experiments. In

| systems with vastly different Cg..’s, an 1f field of a given strength may not lock all sites.

Although this is a disadvantage for purposes of quantitation, researchers have exploited
this property and used spin locks as filters for spectral editing.'?’

With quadrupolar frequencies of the magnitude of those listed in Table 3.2 and
with g restricted to relatively low values due to the large coil size'?® used in some of the

experiments (see Chapter 4), spin locking in our cross-polarization experiments is limited

- to the sudden regime even at slow spinning speeds. In all simulations and measurements

presented in Chapters 3, 4, and 5, o is less than 0.02.

3.3 Spin Locking in the Sudden Regiine

To analyze the detailed behavior of the aluminum spin-lock efficiency at slow
spinning - speeds and low-rf fields, experiments were performed on a home-built
spectrométer incorporating a Tecmag acqui'sition system operating at a prdion Larmor
frequency of 301.2 MHz, which corresponds to a 27 Al Larmor frequency of 78.5 MHz.

A Chemagnetics MAS probe with a 4 mm pencil rotor was used, and spinning
speeds were regulated to within 5 Hz by a home-built spinning speed controller.!?® For
each of the one-dimensional experiments 64 scans were summed with a recycle time of 5
s. The MAS spinning speed was 4000 Hz, and the selective 90° pulse length on the
aluminum central transition was 17 ps, which corresponds to an rf-field strength of
®,q/ (2m) = 4900 Hz.

Spectra using eight different spin-lock times (tg; = 10 us, 1 ms, 5 ms, 10 ms, 20
ms, 50 ms, 100 ms, and 200 ms) were recorded for each of twenty-eight different rf-field
strengths in the range frdm 0,5/ (2n) = 440 Hz to ®,g/ (2m) = 4400 Hz. This
corresponds to a range of the adiabaticity parameter from o .= 5%107 to o = 5x10™°.
The integral 6f the central transition of the Fourier-transformed spectrum was used as a |
measure of the spin-lock efficiency for the corresponding rf field strength. Figure 3.8a
shows the spin-lock efficiency for spin-lock times (tg;) of 10 us, 1 ms, and 10 ms. As
expected, the intensity at tgp = 10 ps is fairly constant and does not depend on the field
strength. At longer spin-lock times, there is a very distinct dependence of the signal

intensity on the rf-field strength. In addition to rotating-frame relaxation, there are dips at
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Figure 3.8 - Spin-lock efficiency for 27Al in albite during magic-angle spinning
(@ /(2%) = 4000 Hz ) as a function of the rf field strength. The 27Al Larmor frequency is
78.5 MHz. (a) Integrated intensity of the aluminum central transition at a function of the
rf field strength for experiments with spin-lock times (Tg; ) of 10us {0], 1 ms [a], and 10
ms {¢]. (b) Simulations of the “equilibrium” spin-lock efficiency for a spin-5/2 nucleus
including both first- and second-order quadrupolar interactions and using the parameters
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spin-lock field strengths approximately equal to one-third, two-thirds, and one times the
rotor frequency. The measured intensities for spin-lock times of 1 ms and 10 ms ére very
similar which indicates that the decay due to the time dependence of the quadrupolar
interaction is very fast and occurs during the first few rotor C)"cles. The main differences
between the spin-lock times of 1 ms and 10 ms occur at very low rf-field strengths and are
most likely due to off-resonance effects.

The distinct dips in intensity found experimentally are élearly reflected in the
numerical simulations shown in Figure 3.8b. These numerical simulations were
performed using the NMR simulation package GAMMA.'* To solve the Liouville-von-
Neumann equation for the time-dependent Hamiltonian, a small-step 'numericgl
integration with a time Iinc'rement of 50 ns was performed. The simulations included the
sécond-order quadrupolar Hamiltonian (Equation (3.4)) but omitted all relaxation effects.
The Hilbert space was limited to a one-spin system; therefore, all scalar and dipolar -
couplings to other spins were neglected. The chemical-shielding tensor and chemical-
shift offséts were also neglected in the simulations. A spinning speed of 4000 Hz and a
27Al Larmor frequency of 78.5 MHz were used. Three hundred different crystallite
orientations' were averaged usi.ng the method of Cheng et al.® (see Section 1.3) to
approximate all crystallite orientations present in a powder sample. The simulated time-
domain data (intensity as a function of the spin—lock time) show a very rapid decay within
the first 1 ms after which the intensity stabili;es and does not decay further due to the
omission of relaxation effects from the numerical simulation. This equilibrium value is
plotted as a function of the rf-field strength in Figure 3.8b. The sirﬁulations show the same
characteristic decays of the spin-lock éfﬁciency for rf-field strengths equal to one-third,
two-thirds, and one times the roto.r frequency as found in the experiment. At least some of
the differences between the measurements and the simulations are due to the limitation of
the simulation to a one-spin system. A similar level of agreement between experiment and
simulation was found for other spinning speeds (data not shown). |

A full theoretical analysis of the spin-lock behavior of éuadrupolar nuclei under
MAS is complicated by the fact that the Hamiltionian consists of a small time-iin.dependent
term and a large time-dependent term. Consequently, perturbative approaches are not

applicable, and analytical expressions for the interference process cannot be easily
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derived. Numerical simulations were, therefore, performed to determine whether the
interference effects between the mechanical sample rotation and the spin-lock field
strength are due to the first-order or to the second-order terms of the quadrupolar
Hamiltonian. Simulations of the spin-lock efficiency for 23Na (spin-3/2) and 27Al (spin-
5/2) in low albite both with and without the second-order quadrupolar interaction were
performed and are plotted as a function of the rf-field strength in Figure 3.9. The MAS
frequency was set to @ / (21) = 2400 Hz which was the frequency used in the cross-
polarization experiments of Chapter 4, and 300 different crystallite orientations were
averaged.  The rf-field strength was varied between ®,(/(27n) = OHz and
®,g/ (21) = 6800 Hz for both the 23Na and 2’Al nuclei. These parameters result in
values of o0 < 0.019 for 27 Al and o0 < 0.015 for 23Na, both weli within the sudden passage
regime. The Larmor frequencies were 130.31 MHz for 27Al and 132:28 MHz for 2’Na.
The time increment for the numerical integration was 80 ns. There are clear differences in
the positions of the resonance dips between the spin-3/2 and the spin-5/2 'simulationé, but
they follow a general rule. The spin-lock efficiency for simulations without the second-
order quadrupolar interaction (denoted by [ in both parts of Figure 3.9) shows strong

dips for the condition

O _ 2N
o, S+1/2

3.9

where N is a positive integer and S is the spin-quantum number of the spin-locked
quadrupolar nucleus. At these dips, the efficiency decays to approximately 50% of the
non-resonance value. The number of dips predicted by considering only the first-order
quadrupolar interaction is, however, insufficient to characterize the experimentally
observed spin-lock efficiency. |

In the simulations which include the both the first- and second-order quadrupolar
interactions (denoted by ¢ in Figures 1 and 2), the spin-lock efficiency decreases
strongly when

Op5 N

®,  S+1/2 (3-10)

92



2

1 T T T T

Intensi

LA LA S

U T W VO " 1 I

0 2000

0/ 2%z

Intensi

" L

& e v
0 2000 (-018 /(2%(5)0[?_'2] 6000

Figure 3.9 - (a) Simulations of the spin-lock efficiency for 23Na (S = 3/2) at an MAS
frequency of w /(2r) = 2400 Hz both with [¢] and without [g] the second-order
quadrupolar interaction. * (b) Simulations of the spin-lock efficiency for 27A1 (S = 5/2) at
an MAS frequency of w_/(21) = 2400 Hz both with [ O] and without [ ] the second-
order quadrupolar interaction. Solid lines are guides to the eye. For all simulations the
quadrupolar parameters of low albite were used.!!® v :
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This leads to twice as many dips in the rf field dependence of the spin-lock efficiency as
compared to the simulations without the second-order quadmpoiar interaction and agrees
with our experiments.

With increasing wq, the overall efficiency of the spin lock decreases due to the
large second-order quadrupolar Hamiltonian. This is the reason for the generally poorer
spin-lock efficiency for the 23I\'Ia in Figure 3.9a (g = 8.11x10° rad/s ) compared to the |
27Al in Figure 3.9b ( 0g = 3.10x10° rad/s ) for the simulations which include both first-
and second-order terms. In making such comparisons, it is important to consider the
values of @, rather than the more commonly tabulated Cgcc values (see Equation (3.3))
since the [2S (2S-1)] -l scaling factor differs significantly fpr different values of S. In
the case of low albite, for instance, the Cyc. for 2Na (S=3/2) s less than the Cy. for 27 Al

(S=5/2), but the value of wg for 2Na is greater than the value of g for 27Al. When

T
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Intensity

I t L i ]

<; TR S S | PYRSURT WR NN W TN S Y SR WU TN A T ST SR S ST S
0 2000 4000 6000
w1g/(2r) [HZ]

Figure 3.10 - Simulations of the spin-lock efficiency for 2>Na (S = 3/2) at an MAS
frequency of w./ (2n) = 2400 Hz and with 0y = 3.10x10° rad/s (chc = 0.99 MHz ) and
1 =0.63. Values are plotted both with [ @ ] and without [ 3] the second-order quadrupotlar
interaction, and solid lines are guides to the eye. Note that with a smaller @q, the dips are
much sharper than ifi Figure 3.9a.
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smaller vaiues of 0q are used in the simulations for sza (see Figure 3.10), the resonances
at low rf-fields become sharper than in Figure 3.9a, and the spin;lock efficiency at points
between the resonances increases.

The simulations shown in Figures 3.8b, 3.9 and 3.10 were performed for the case
of on-resonance irradiation. When rf offsets of several hundred Hertz were incorporated
into the simulations that only included the first-order contribution to the quadrupolar
Hamiltonian (see Figure 3.11), the spin-locking behavior became qualitatively similar to
the second-order case, and Equation 3.10 was obeyed. This is not surprising since both
second-order shifts and rf offsets can be expressed as. linear combinations of fictitious
spin-1/2 Sz(a’ b) operators* connecting the +m and -m states.'?® - ’

' Clearly, both first-order and second-order terms of the quadrupolar Hamiltionian
influence the spin—]oéking efficiency. However, it is important to consider the
contributions of individual crystallite orientations to the p&vder average to determine
whether the decreases in spin-lock efficiency are a property of the single-crystallite
Hamiltonian itself or whether they are due to interferenée effects between different
crystallite orientations. This has been partially discussed in the literature!?* and is
examined here in more detail.

Figures 3.12, 3.13, and ’3.14 show spin-lock time dependences for a spin-5/2
nucleus (27Al in low albite) with (f-j) and without (a-e) the second-order quadrupolar
ihteraction for four different orientations (a-d and f-1) and for the powder average (e and j).
For the simulations of Figure 3.12, the spinning speed was 2400 Hz, and the rf field
strength was 800 Hz; these values satisfy the resonance condition of Equation (3.10) but
not that of Equation (3.9). This is reflected in the fact that the simulations which exclude
the second-order quadrupolar interaction (Figure 3.12a-e) show a good spin lock with bnly
small-amplitude oscillations. Consequently the powder average (Figure 3.12e) shows
almost no decay. Inclusion of. the second-order quadrupolar interaction has a large effect
on the spin-lock behavior (Figure 3.12f-j). The spin-locked magnetizatiori oscillates
between the positive and negative x-axis at a frequency that depends strongly on the
crystallite orientation. The interference between these different oscillation frequencies

causes the fast decay observed in the powder (Figure 3.12j).
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Figure 3.11 - Spin-lock efficiency as a function of resonance offset. The parameters of
Figure 3.10 were used in these simulations. Values are plotted both with [ o ] and without
[01] the second-order quadrupolar interaction, and solid lines are guides to the eye. (a)
Offset of 10 Hz. The behavior is qualitatively the same as for the on-resonance case. (b)
Offset of 100 Hz. Extra resonances begin to grow in making the first order simulations
similar to the second order case. (c) Offset of S00 Hz. Except for a slight distortion at low
frequencies, the first and second-order cases are very similar now.
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Figure 3.12 - Simulated spin-lock efficiency for 27Al in low albite at an MAS frequency of
®,/(2n) = 2400 Hz and a spin-lock field strength of ®,¢/ (2n) = 800 Hz. The Euler
angles (aQ,BQ,‘YQ) relate the principal-axis system of the quadrupolar interaction in a
given crystallite to the reference frame of a rotor spinning at the magic angle. The
simulations (a)-(e) were done without the second-order quadrupolar interaction while the
simulations (f)-(j) include the second-order quadrupolar interaction. (a)-(d) and (f)-(i)
show selected crystallite orientations with o%=yR=0" and $%=10" ((a) and (f)), B%=30"
((b) and (g)), P=50" ((c) and (h)), P&=70° ((d) and (i)). The simulations in (e) and ()
show the average over 1154 different crystallite orientations. For this choice of spinning'
speed and rf field strength, only the resonance condition of Equation (3.10) is fulfilled.
Therefore, the spin lock is very stable without the second-order quadrupolar interaction (e)
but decays rapidly when the second-order quadrupolar interaction is included (j).

{
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Figure 3.13 - Simulated spin-lock efficiency for 27Al in low albite at an MAS frequency of
o /(2r) = 2400 Hz and a spin-lock field strength'of ©,¢/ (2n) = 1600 Hz. The Euler
angles (aQ,BQ,YQ) relate the principal-axis system of the quadrupolar interaction in a
given crystallite to the reference frame of a rotor spinning at the magic angle. The
simulations (a)-(e) were done without the second-order quadrupolar interaction while the
simulations (f)-(j) include the second-order guadrupolar interaction. (a)-(d) and (f)-(i)
show selected crystallite orientations with 0Q=yR=0°" and B%=10" ((a) and (f)), p%=30°
((b) and (g)), P2&=50° ((c) and (h)), P=70° ((d) and (i)). The simulations in (e) and (j)
show the average over 1154 different crystallite orientations. For this choice of spinning
speed and rf field strength, the resonance conditions of Equation (3.9) and (3.10) are both
fulfilled. Therefore, we see a fast decay of the spin-locked magnetization both with (j) and
without (e) the second-order quadrupolar interaction.
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Figure 3.14 - Simulated spin-lock efficiency for 27Alin low albite at an MAS frequency of
o,/ (21) = 2400 Hz and a spin-lock field strength of ®,y/ (27) = 1200 Hz . The Euler
angles (OLQ,BQ,YQ) relate the principal-axis system of the quadrupolar interaction in a
given crystallite to the reference frame of a rotor spinning at the magic angle. The
simulations (a)-(e) were done without the second-order quadrupolar interaction while the
simulations (f)-(j) include the second-order guadrupolar interaction. (a)-(d) and (f)-(i)
show selected crystallite orientations with o =‘YQ=O° and BQ=10° ((a) and (f)), BQ=3O°
((b) and (g)), B=50° ((c) and (h)), Be=70° ((d) and (i)). The simulations in (¢) and (j)
show the average over 1154 different crystallite orientations. For this choice of spinning

speed and rf field strength, neither the resonance condition of Equation (3.9) nor that of

Equation (3.10) is fulfilled. Therefore, the spin lock is stable both with (j) and without ()
the second-order quadrupolar interaction. '
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For the simulations of Figure 3.13, the resonance conditions of thations (3.9) and
(3.10) are simultaneously satisfied by setting the spinning speed équal to 2400 Hz and the
rf-field strength equal to 1600 Hz. In Figure 3.13 there are strong oscillations for both the
simﬁlations without (Figure 3.13a-e) and with (Figure 3.13f-j) the second-order
quadrupolar interaction. However, when the second-order quadrupolar interaction is
omitted, the oscillations are only between the positive maximum and zero (Figure 3.13a-
d) leading to a reduced but non-vanishing value for the powder average (Figure 3.13e).
Inclusion of the second order interaction results again in oscillation between the positive
maximum and its corrcsponding negative value (Figure 3.13f-1). Consequently the
powder average is almost zero (Figure 3.13j) due to the interference of magnetization
from different crystallite orientations. Simulations for spin-lock fields in between
resonance points (see Figure 3.14) show only small oscillations about non-zero values and
thus good spin-lock efficiency. Similar simulations were calculated for spin-3/2 nuclei
(data not shown) and show the same general behavior as the spin-5/2 simulations
discussed above.

Note that the powder-averaged simulations of the spin lock at the resonance
conditions (see, for instance, Figure 3.12j) show oscillations for short spin-lock times
(tg.< 5 ms); such oscillations were also observed experimentally (data not shown).
Fourier transformation of these reveals lineshapes that look qualitatively similar to rotary
resonance spectra'?’ of spin-1/2 nuclei in which the chemical-shielding anisotropy is
recoupled by setting the spin-lock field equal to one or two times the spinning frequency.
Work is currently in progress to understand the nature of the lineshapes observed in the'
quadrupolar case and to determine whether the quadrupolar parameters can be extracted
from such spectra.

The resonance conditions defined by Equation 3.10 have an important
consequence for cross-polarization experiments involving half-integer quadrupolar spins.
Before setting up the cross-polarization condition, it is necessary to experimentally
optimize the spin-lock efficiency of the quadrupolar nucleus for a given sample (i.e. -

given W) and spinning speed in order to avoid a severe loss of magnetization.
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3.4 Direct measurement of the 2741 and 23Na Typ’s in low albite

In addition to losses due to inefficient spin locking, the magnetiiation of.
quadrupolar nuclei under spin-lock conditions is further influenced by rotating-frame
spin-lattice relaxation. Unlike for the case of spin-1/2 nuclei, the rotating-frame behavior
of a quadrupolar nucleus cannot in general bé modeled by a single exponential 2613133
Consequently, no single relaxation time constant (Typ) can be defined. In our
e:xperimental‘observations, rotating-frame relaxation of alumihum and sodium in albite
consists of at least two exponentially decaying components. Figure 3.15 shows such a
decay' for 27Al in albite for w,q/ (27) = 500 Hz and ® / (21) = 2400 Hz (the values
used in the cross-polarization experiments of Chapter 4). The solid curve in Figure 3.15
corresponds to a least-squares fit of the data to a biexponential function of the form

/1 -t/

I() =A-e +B-e ' s (3.11)
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Figure 3.15 - Rotating-frame relaxation of 2’Al in albite at ®,¢/ (27) =500 Hz and

./ (2n) = 2400 Hz. The solid line is a nonlinear least-squares fit of the experimental
points to a biexponential function with time constants of 2.7 and 85 ms. )
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in which the fast-decaying component is characterized 'by a time constant T, = 2.7 ms;
the slowly-decaying component is characterized by a time constant T, = 85 ms; and the
«scaling parameters have values of A=0.13 and B=0.71. The rotating frame relaxation of
23Na in albite also requires more than one exponential for a good fit (see Figure 3.16).
With typical cross-polarization contact times on the order of T.p = 10ms to
Tcp = 50 ms, the rotating-frame relaxation of the quadrupolar nuclei in low albite poses

no problem for efficient cross polarization.
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Figure 3.16 - Rotating-frame relaxation of 23Na in albite at ©,g/ (27) = 500 Hz and
®,/ (2r) = 2400 Hz. The solid line is a nonlinear least-squares fit of the experimental
points to a biexponential function with time constants of 9.1 and 28 ms. Note that even
with a biexponential, the first points are not well fit. However, a mono-exponential fit fails
completely. ‘
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Chapter 4: Cross Polarization of Quadrupolar Nuclei
During MAS Using Low Radiofrequency
Field Amplitudes |

Using the results of the spin-lock efficiency study of Chapter 3, the 27 Al-to-2%Si
cross-polarization dynamics in low albite were investigated. Although cross polarization
was achieved from both 27Al and 23Na, we chose to concentrate on 2’Al since the cross-
polarized signals were more intense. As mentioned in Section 3.1, albite has three
different silicon sites (see Table 3\:1): two of which (Q4(1A1)) have one aluminum atom
and three silicon atoms as nearest neighbors while the third (Q_4(2A1)) has two aluminum
atoms and two silicon afoms as nearest neighbors. Based on.simple models one might
expect that the NMR signal intensity éorresppnding to the silicon with two aluminum
atoms as nearest neighbors would be twice as intense as those of the silicons with only one
aluminum atom as a nearest neighbor.!* However, as a one-dimensional 2%Si NMR |
spectrum acquired using 27A1--t0-29$i cross polarization shows, this is not true in the case
of low albite (Figure 4.1). The two silicon sites in albite with one aluminum nearest
neighbor (6 = -96.1 ppm and & = -103.9 ppm) have equal intensities while the site -
with two aluminum nearest neighbors (8§ = ~91.8 ppm) has a lower intensity. There is
no significant difference in the line widths of the three lines: the full width at half-
maximum of a Lorentzian line fit was Aw, ,, = 35 Hz for all three lines. To investigate
this behavior in more detail, we have performed cross-polarization contact-time
dependence measurements as well as rotating-frame relaxation time measurements for the

three silicon sites.

4.1 Previous Studies of Cross Polarization Involving Quadrupolar Nuclei

Cross polarization to and from quadrupolar nuclei is becoming an increasingly
popular technique. Although cross polarization under static conditions is easier to achieve
and interpret,'® the ubbiguity of MAS probes and the dgvelopn_ient of the Multiple-
" Quantum Magic-Angle Spinhing technique (see Chapter 6) has made an understanding of

cross polarization to and from quadrupolar nuclei during MAS desirable. In this thesis,
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we will only be concerned with the case of cross polarization to and from the central
transition of an odd-half—integer quadrupolar nucleus, although multiple-quantum cross
poiarization is conceivable.!36137138

The earliest CP/MAS experiments involving quadrﬁpolar nuclei were largely
empirical in nature.'’14®141 In 1992, A. J. Vega extended his quadrupolar spin-lock
theory!? (see Section 3.2) to cross polarization!?! and compared the effects of the adiabatic
and sudden regimes. He showed that cross polarization occurs continuously in the sudden
regime although only a subset of the nuclei participate. The reason for this is that
populations that were initially in a $3/2 or £5/2 state (see Figure 3.7b) are not
interconverted to the central transition by sample rotation and, therefore, cannot
participate in the cross polarization-process (although relaxation effects could, of course,
alter the populations of different states). In the adiabatic regime, population

interconversions do occur (see Figure 3.7a), permitting cross polarization from spin-1/2
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Figure 4.1 - One-dimensional 2%Si spectrum of low albite obtained with cross polarization
from 2’Al. The crystallographic sites are indicated at the three different peaks. The peak
at 8 = -91.8 ppm shows the lowest intensity although this silicon site has two nearest-
neighbor aluminum atoms. The other two lines at 8 = -96.1 ppm and 8 = -103.9 ppm
have roughly the same intensity. ‘
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\

nuclei fo a larger fraction of the quadrupolar spins. When cross polarizing from
quadrupolar to spin-1/2 nuclei, however, the preparatory pulse will just excite populations
that are initially in the central transition so these spins are the only ones which can
participate. Since Vega’s work, more applications of cross polarization from quadrupolar
nuclei have appeared in the literature.!3142:143:144:145  Although some of these papers
included studies of the cross-polarization dynamics, erroneous assumptions were made in
a few instances. In particular, simplifications which were incompatible with measured
values were used in models of cross-polarization dynamics.!'*

 Due to the inefficiency of spin locking and cross polarizing quadrupolar nuclei
under MAS conditions, é.ng_le—reorientation experiments are desirable. Such expériments
take advantage of the fact that when the rotor axis is parallel to the B, field, time-
dependent terms 'in -the Hamiltonian vanish (see Section 1.4.1) which leads to croés
polarization that is as efficient as in a static sample. Such experiments have been.
successfully performed,'?>!* and their advantages and disadvantages as compared to the

MAS experiment will be discussed below (see Section 4.5)

4.2 Experimental Parémeters

~ All cross-polarization expériments were performed on a Chemagnetics CMX-500
spectrometer operating at a proton Larmor frei;uency of 500.1 MHz. The 2’Al frequency
was 130.31 MHz; the 2*Na frequency was 132.28 MHz; and the 295 frequency was 99.34'
MHz. | |
| Figure 4.2 shows the circuit diagram for the home-built double-resonance MAS
probé used in these experiments. ‘The prbbe incorporated a Chemagnetics “jumbo”
spinning module with 14 mm outer diameter zirconia rotors. The volume of the rotors was
approximately 2.8 mL. The:spinning speed was controlled by a home-built spinning-
- speed controller to an accuracy of £2 Hz. An MAS speed of 2400 Hz was used for all CP
experiments and silicon Ty, measurements described in this section. Typically, a 10-17 us
. pulse was used for selective excitation. of the central transition of aluminum. The cross
polarization was optimized experimentally based on the spin-lock efficiency for the
central transition of the quédrupolar bnucleus as a function of the rf-field strength. At

®,/ (2m) = 2400 Hz, the best spin-lock level for the 27 Al resonance was found to be
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C, = C, = Cg = 5-25 pF (Polyflon® NRP-VC-25-6B)

Cg = 0.8-10pF (Voltronics® v2102)

C, = 2.2 pF (ATC®)

Cg = 1.1 pF (ATC®)

L, =0.11 uH (0.05" diameter round wire; 5.5 turn coil with L=0.56", W=0.32")

L, ~0.23 uH (0.05"x0.05" square wire; 6.5 turn coil with L=0.50", W=0.38")

coil = 0.26 puH (0.05"x0.05" square wire; 5 turn coil with 16 mm inner diameter
and L=20 mm) |

Figure 4.2 - Circuit diagram for the home-built double-resonance probe used in these
experiments. The circuit is based on the “lumped-element” design of Doty et al.?! except
tunable traps are used on both channels. The impedances are estimated using the coil
formula!?8:146 which neglects the effects of wire thickness and wire shape. At the power
levels used for the CP experiments in this thesis, better than 40 dB isolation is observed on
each channel.
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©®,g/ (27) = 500 Hz , which agrees well with the simulations of Figure 3.9b. The cross-
polarization sequence used in these experiments incorporates spin-temperature
alternation.’ For the contact-time dependence study, cross-polarization signal intensities
were measured for contact times (Tcp) between 0.5 ms and 500 ms. For these
measurements, 128 scans of 1024 data points were summed with a recycle delay of 5 s.
Sixteen dummy scans preceded the collection of data. The silicon rotating-frame
relaxation times (T;,) were measured using the same parameters as for the CP time-
dependence studies but adding a spin-lock period after the CP contact time (Figure 4.3).
On-resonance measurements were made for each site in both the CP dynamics aiid silicon
T}, experiments to eliminate offset effects that are expected to occur at such low rf-power

levels.

4.3 Hartmann-Hahn Matching for Quadrupolar Nuclei

Cross polarization is a pfocess by which magnetization is transferred from one
spin species to another. In solids, this typically occurs through the dipolar Hamiltonian
although in some cases it can aléo occur through scalar J couplings.'” The basic types of
Cross polariiation that have been developed so far are based on either adiabatic
demagnetization or spin locking;” only the second case will be discussed in this thesis.

To perform Hartmann-Hahn!!! cross polarization, each spin species is subjected to
rf irradiation in the form of a spin-lock field, and the amplitudes of these spin-lock fields
are adjusted to permit energy-conserving magnetization transfer between the two types of

spins. Mathematically, this can be described as follows.

27A}

29Gj

Figure 4.3 - Pulse sequence for measuring s Typvalues as described in the text.
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The Hamiltonian for cross polarization from many spins of type S to a single spin

of type I is given (in the doubly rotating frame) by!4%14
H= Y hAwg S, + hmlSZSkx +hAQL, +ho T +
k
+ 1 Bege, 5,1 (28,1,) 4.1)
k

1
+h Zkbeff S.S [zsjzskz =5 (855 + Sj-sk+)}
j>

where the effective dipolar coupling constants have the form (see Equations (1.68) and

(1.71))

_ Ho)hys Ys] 2 .p
bes, S8 T ‘{((m rgs Jng 0 (4.2)

For the static case, Rg o Will simply be proportional to the second-rank Legendre
polynomial of the cosine of the angle between the dipolar vector and the B, field while in

the MAS case, it will contain terms that oscillate with @, and 2w, (see Equation (1.109))

h .
MAS Ho \"s Vs 1 L@ D D i2ot
berr,s 5, = ‘{(ﬁ) 3 k} [76]) (o ° 8%,

Sjsk +LD(2) B v ) it
ﬁ (4.3)

(2) —iw,t
D (a [3
TR0
-i2
+ —D(z)(a B, ! m'tjl.

N

Note that the choice of labels “I;’ and “S” in Equation (4.1) differs from the conventional
usage but is consistent with the notation used in Chapter 3.

For the case of on-resonance irradiation on both channels where
|, g| » |beff S Sl lbeff S II and |@| » Ib . S II it is convenient to used a “tilted”
interaction frame which corresponds a rotation of /2 about (Z’Sky +1 ) (see Section
1.1. 2)148 '
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it
' = hmlsgskz.f hoy L + gbefﬂ 5,1 2541

kx*x
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_ih .gzkbeff,' S;Sy [ZszSkz ) (Sj+sk- + S]'-Sk+):] (4.4)
J

g

3 1
+ Ehzi(befﬁ S5, [5 (S, S, + sj_sk_)}
. ]>

The last term in Equation (4.4) is non-secular and can usually be ignored. In this tilted
frame, the direction of the spin lock on nucleus of a given type provides.the axis of
quantization for that nucleus.

For the moment, let us assume that all homonuclear dipolaf couplings between the
S-spins can be ignored. (Their effects will be reintroduced below.) What we would like to
see is how polarization can be transferred between the S and I spins. Clearly, the third
“term on the right-hand side of Equation (4.4) is what couples the two species. Using

Equations (1.52) and (1.53), it can be rewritten as
Y b _ s L) +4(s,.1 4.5
2 berr, 5,1 25kl = Eklbeff, s 15 Sl +5, L) +5(S, 1, +5,1)}. «4.3)
k .

Equation (4.5) contains two terms that can potentially be used for polarization transfer
between the S and I spin systems: (1) a zero-quantum or “flip-flop” term (S, L+S, 1)
in which one spin flips down while the other flips up and (2) a double-quantum or “flop-
flop” term (S, I, +S, 1) in which either both spins flip up or both spins flip down.

If a quantum of S-spin magnetiiation equaled a quantum of I-spin magnetization,
the “flip-flop” term would provide an energy-conserving mechanism for polariiation
transfer. Although the gyromagnetic ratios of different types of nuclei are not equal; it is
possible to create a situation in which the quanta are the sameiby a judicious choice of rf-
field strengths. According to Hartmann and Hahn,'"! transfer of polarization between two
different types of nuclei in a static sample can occur if the rf-amplitudes are matched

according to the condition

JA+D —m(m=1) jo,| = [SS+1) -mg(mg-1) - o, (4.6)
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where ®,; = -Y;B,;, ®;5 = —-Y¢B,g, and the transitions being matched are between
quantum levels m <> (m-1) for each nucleus. For two spin-1/2 nuclei, Equation (4.6)

reduces to
|y = |@ys] - @

while when polarization is transferred between a spin-1/2 nucleus (I) and the central

transition of a half-integer quadrupolar nucleus (S), Equation (4.6) simplifies to
oy =(S+l)-|m | SRNCE)
1% ) 1S -

Typically, the double-quantum term in Equation (4.5) is ignored since it is non--
secular although in the case of small f fields and high spinning speeds, energy-conserving
double-quantum cross polarization can occur between two spin-1/2 nuclei.’® However, it
is interesting to note that because 29Gi has a negative gyromagnetic ratio while 27Al has a
positive one, the relevant term in the dipolar Hamiltonian for 271A1-t0-29Si cross
polarization is actually the “flop-flop” term. That is, the energy-conserving transition

corresponds to one in which both spins flip the same way simultaneously (see Figure 4.4).

Ya>0 Ysi<0
. A
1
M= %"L iﬁ_— Mgi=+3
1 1 B1 Si
Ma=+3 Msi= "3

Ea=-Amp(3YaB1a) Esi=-img(YsiB1si)

Figure 4.4 - Schematic of cross polarization from the central transition of 27Al to 2%Si at
the Hartmann-Hahn match. The opposite signs of the gyromagnetic ratios of the two spins
causes the energy-conserving transition to be the “flop-flop™ transition (e.g. - both spins
change from spin up to spin down). ‘
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This is merely a techhicality, however, and the general concepts that have been developed
for cross polarization between spins with positive gyromagnetic ratios will be applicable
here. |

When more than 6ne nucleus of a given type is present in a sample, homonuclear
dipolar couplings (the fourth term onthe right-hand side of Equation-(4.4)) will' modify
the effective spin-lock field felt by a given S spin, and. fherefore, a slightly different spin-
lock field strength (@) will be required to match it. This leads to a broadening of the

match condition of Equation (4.6) as depicted schematically in Figure‘4.5a. Here, the

number of crystallites fulfilling a given match condition is plotted as a function of the

a)

offset from H-H match

b) -~ of2m)
| [

n=-1 n=0 n=+1
n=-2 =42

0 offset from H-H match

Figure 4.5 - (a) Schematic of the match condition for the static and “slow” spinning cases
(o, «w;) . Intensities are plotted as a function of Hartmann-Hahn mismatch.
Homonuclear dipolar couplings lead to a distribution of match conditions for different
crystallites, centered about the Hartmann-Hahn match condition. (b) Schematic of the
Hartmann-Hahn match condition for the “fast” spinning case (w,» w,) . The match
condition is split into sidebands spaced by w,.
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deviation from " the exact Hartmann-Hahn match:
JIA+1) —my(m-1) - |o| - /S(S+1) —-mg(mg~1) - |@4. Typical

distributions for a static powder sample are symmetric and approximately Gaussian.

Magic-angle spinning further modifies the Hartmann-Hahn match condition. For
the case of transfer between two spin-1/2 nuclei, it has been shown %1% that when the rate
of rotation, ., equals or exceeds the strength of the homonuclear dipolar couplings, ®y,

the match condition of Equation (4.7) splits into distinct sidebands
oy = |o] +no, (4.9)

where n is an integer (see Figure 4.5b). These sidebands are a c'onsequence of the fact that
magic-angle spinning (see Equation (4.3)) makes the heteronuclear dipolar Hamiltonian
time-dependent. Transforming Equation (4.4) to an interaction representation using

—i S .
R=e¢e O (see Equation (1.26)) and neglecting the time-dependent terms gives

i
(H)" = h(05n0) TSy, +hoy L,
| ‘ (4.10)
(2) (n 1
—hdys Y 7 o(8)Dg (e B )| 5 (S, L+ 5.1, |
k

where the homonuclear couplings have been ignored. For positive gyromagnetic ratios, it
is clear that the match condition of Equation (4.9) permits energy-conserving
magnetization transfer to occur via the Hamiltonian of Equation (4.10). To first order,
Equation (4.10) is only valid for n = %1, £2; thus, at short contact times the most
efficient polarization transfer will occur for these. At longer contact times, however,
equally efficient transfer occurs for the centerband due to higher-order processes, and less
efficient transfer occurs for |n|>2.15%15! J cross polarization can also potentially
contribute to the centerband signal.!¥’” As in the static case, the match conditions are
broadened due to homonuclear couplings (see Figure 4.5) although the extent of .
broadening is reduced due to partial averaging by the sample spinning.®

An analogous modification of the static cross-polarization condition has been
proposed for transfer between a spin-1/2 nucleus and the central transition of a half-

integer quadrupolar nucleus under MAS?!
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i |(o”! = (Sv+ 1/2)|‘”15|+“")r ' 4.11)

~and has been observed experimentally.!* Compared to the aluminum homonuclear
dipolar couplings in low ‘albite ®,/ (21) =200 Hz, a speed of 2400 Hz is in the “fast”
spinning limit. Therefore, the match condition is expected to split into sidebands under
our experimental conditions. o
An additional complication occurs when ncw, is larger than the rf-field strength.
This is depicted schematically in Figure 4.6 for the experimental conditions of Séction 42.
In these experiments the aluminum field strength was ®,¢/ (2m) =500 Hz, and the
spinning speed was ®_/ (21) = 2400 Hz. From Equation (4.11), the centerband for
Cross polarization. from 2’Al to 29Si would be expected at é silicon ﬁéld strength of

®,;;/ (2m) = 1500 Hz, the first positive (n = +1) sideband at ®,;/ (21) = 3900 Hz,

a)

n=-3 n=-2 n=-1 n=0 n=+1 n=+2 n=+3

5700 -3500 -900 1500 3b00 6300 8700
i [Hz]
b) © n=0 n=+1 n=+2 n=+3

n=-2 n=-3
5700 -3300 -900 1500 3900 6300 8700

.%[Hz]

Figure 4.6 - Schematic of match conditions for our experiments as a function of the spin-
lock field strength on s, (a) Hypothetical sideband positions based on Equation (4.11).
(b) Folding-back of sidebands with negative intensity.
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the second positive (n = +2) sideband at ,,/ (2n) = 6300 Hz, etc. However, the
n.= -1 and n = -2 sidebands would be expected at negative field strengths (Figure
4.6a), which seems unphysical. Actually, a change in the sign of the field strength simply
corresponds to a change in the direction of the quantization axis. of one of the spins (i.e. - a
shift from double-quantum to zero-quantum cross polarization).® By using the
Hamiltonian of Equation (4.10) and projecting the initial density matrix onto the Zeeman
terms of this Hamiltonian, the final density matrix can be approximated.!*® From this, one
can determine that the cross-polarized signal in the vicinity of the Hartmann-Hahn match
condition will have the following dependence on the spin-lock amplitudes

) ox N[(S+1/2)|o¢ +ne] - (jo,)) | (4.12)

N[(S+1/2) o5 +no)*+ (o, )

yA

- The denominator in Equation (4.12) will always be positive, but the numerator will
change sign depending on the relative magnitudes of (S +1/2) I(’)lsl and ®. This
translates into a change in sign of the intensity of the cross-polarized signal. Thus,
sidebands corresponding to négative values of ®,;; will be folded back around the
frequency ®,;/(2r) = 0 Hz and will appear at |0)”| with negative intensity in the
match condition spectrum (Figure 4.6b).!5

Figure 4.7 shows the experimentally measured intensity of the signal cross-
polarized from 27Al to one of the 2Sj peaks in low albite as a function of the magnitude of
the 2°Si 1f field strength, @,/(21), for cross-polarization contact times of Tcp = 10, 50, and
750 ms. The experiments agree reasonably well with the predicted match condition
proﬁle sketched in Figure 4.6b; however, the precise positions of the centerband and
sidebands are difﬁcult to determine due to both the partial overlap of positive and negative
sidebands and the difficulty of measuring low field strengths accurately. All three peaks
show similar behavior although the maxima are shifted since the offset is of the same
order of magnitude as the 27 A1 spin-lock ﬁeld. The relative intensities of all sidebands

remained the same (within experimental error) for contact times ranging between 10 ms

and 750 ms.
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The interference between different sideband matching conditions as seen in Figure
4.7 illustrates a second important consideration in setting_l up cross-polarization
experiménts involving half-integer quadrupolar nuclei at low rf powers. In addition to
optimizing the quadrupolar spin-lock efficiency for a given spinning speed (as described
in Chapter 3), one must make sure that the chosen épin-log:k field strength and spinrﬁng
speed create at least somé sidebands of the match condition which do not interfere
- profoundly with other sidebands. Although the criteria for selecting efficient quadrupolar
spin-lock field strengths eliminate some. of the cases with the most destructive
interference, there are other values of ;s and ®; which gfve a good spin lock for the
quadrupolar nucleus but for which the interference between the cross-polarization match
sidebands would be severe. '

Fﬁrthermore, , must be kept 'very stable since any change in the spinning speed
will shift the positions of the folded-back sidebands and thereby alter the intensity of the
cross-polarized signal (possibly even changing its sign). For our experimental parameters,r

slight changes in the spinning speed led to profound changes in the cross-polarized
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. Figure 4.7 - Intensity of signal cross-polarized from 2TAl to the Q*2A1) #Si site in low

albite. The pattern of matching condition sidebands agrees qualitatively with the expected
pattern (see Figure 4.6b). a '
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intensities. The intensity of ;[he peak at -91.8 ppm decreased by 34% when the spinning
speed was changed from 2400 Hz to 2300 Hz. Only a 2% decrease would be expected
from varying the MAS rate alone (see Section 1.4.1); the rest must be a consequence of
changes in the match condition. Even spinning-speed fluctuations of 10 Hz produced
noticeable effects.

For both the CP contact-time dependence experiments and the silicon Ty,
measurements, the centerband match condition was used. This match condition had
relatively little overlap with the folded sidebands for the chosen values of w;g and ®; as
Figure 4.7 shows. Nete that the centerband match signal may contain both high-order

dipolar and J contributions; no attempt was made to distinguish between the two effects.

4.4 Cross-Polarization Dynamics for Quadrupolar Nuclei

In order to analyze the CP contact-time dependence of the 295 magnetization, the
rotating-frame relaxation rate constants for all three silicon sites were measured on-
resonance at the rf-field strength used for the cross-polarization experiments. Eight
different time points from T, = 500 ms to Tg, = 65 were measured four times each
and fitted to a monoexponential decay as shown in Figure 4.8. The relaxation times that
were obtaired are: T]p(8 =-91.8 ppm)=58+02s, T]p(6 =-96.1 ppm)=128 £ 1.1s,
and Tlp(8 =-103.9 ppm)=11.5+0.7 s. It is interesting to see that the silicon site with
two aluminum nearest neighbors has a T, of only one-half the value of that for the silicon
sites with only one aluminum nearest neighbor. This prdportionality between the rate.
constant and the number of nearest neighbors suggests that the main relaxation pathway
involves the aluminum atoms.

Figure 4.9 shows the cross-polarization intensity as a function of contact time for
all three silicon sites. The measurements were done as three separate on-resonance
measurements to avoid resonance-offset effects due to the low spin-lock field strengths.
The most remarkable feature of these measurements is that the maximum polarization
reached for the site with two aluminum nearest neighbors is lower than the maximum
intensities of the two silicon sites with one aluminum nearest neighbor. The contact time
dependences were fit to a simple model based on the so-called “thermodynamic”

description of cross polarization described by Mehring.” In this model (depicted
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schematically in Figure 4.10), the magnetization of a given spin species is parameterized
in terms of a spin temperature. These species then interact with each other and with a

“lattice” of other degrees of freedom according to first-order kinetic equations, subject to

a)1.5 O EAamaan S Miianaaassas

1.0

0.5

saas s daaleasaraaaalaasassass

TITTTT YT YTITI T [ VIRT YT Y

[T RN BT R EE SN BN UE NS U TN N U S ST SN SN0 W0 S N N G S N A N G

0.0

2.0

TrTrvr

1.5

aaa by sl

1.0
0.5

LANLANL AL LN B Bt LB B B LR B |

a2 a2l el

PREPEIS SETUS S SN0 UL TN S0 10 TV VAT WY S (T T TN SN TN NN ST S ST SN N WY UAT SN S L O S 1

0.0

2.5_1-r|]Iill|llll||llllllll|lllllltvv

2.0
1.5
1.0

0.5

TTT Y [T T[TV T [ v Trry
NENN TENEE| TEEE NNV NS RN |

00 PEET T ST N N S ST ST SN A ST ST S NS N T SO WO WO DU WA ST N S N A SN U N SN RN U

0 1 2 3 4 5 6 7
Tg, [S] L

Figure 4.8 - 29g; Tlp measurements for the 2%Si sites in low albite. The error bars
represent the standard deviation of four indéependent measurements. The solid lines are
the best fits to the data points corresponding to T, values of (a) T,p(6=-9l Sppm)=58=%
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b)

Figure 4.9 - Cross-polarization time dependences for the three ditferent crystallographic
silicon sites in low albite: (a) the Q*(2Al) site at $=-91.8 ppm, (b) and (c) the Q*(1Al) sites
at 8=-96.1 ppm and 8=-103.9 ppm, respectively. The fits through the experimental points
are based on Equation (4.34) and the parameters extracted from the fit are summarized in
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the constraints imposed by the initial conditions and the law of conservation of energy.
This simple model rhakes no assumptions about whether the mechanism for magnetization
transfer is based on the dipolar-coupling interaction, the scalar-coupling interaction, or
both. The derivation follows.

The quantum—niechanical definition of magnetization for N spins of type I is given

by>

Nl
(M) = hyITr{p 31 z} (4.13)
i=1
‘where the density matrix in the high-temperature approximation is given by Equation

(1.16) and the Zeeman Hamiltonian is

: N, :
H, = -hyB, YT, . (4.14)
i=1 .
Here we have used B, to indicate the magnetic field along which the spins are quantized.
This may or may not be equal to the static field (B,) depending on the frame of reference.
If the spins are assumed to be non-interacting (the validity of this approximation will be
discussed below), Equation 4.13) can be written as N; multiplied by the magnetic

moment of a single spin

T
27Al spins | CL 2951 spins
Bu | B,

1 Ti(AD 1 T,.(50)
Lattice [,

Figure 4.10 - Schematic of the phenomenological “thermodynamic” model of cross
polarization which considers that each spin species can be described by a “spin
temperature” and that both cross relaxation and relaxation to the “lattice” can be described
by first-order kinetic equations.
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(M,) = Ny, Tr{pL} (4.15)

where the Zeeman Hamiltonian for a single spin (Equation (1.48)) is used in the density

matrix. Substitution of Equations (1.16) and (1.48) into Equation (4.15) gives

[Tr {L} +Tr {hyIlez}}
Z

(M,) = N;hy, - (4.16)

where Z is the partition function (Equation (1.15)). The trace of the I, operator vanishes,

and Equation (4.16) can therefore be written as
(M, = B,C,B, ' (4.17)
where the inverse spin temperature for the I spins is defined as

h

B, = T (4.18)

The magnetization obeys the Curie law since it is inversely proportional to temperature,
and C; is known as the Curie constant.

The Curie constant can be defined in terms of the following two functions

1 1 1

FO) =z =&y ~ @is D) (4.19)
and
1 I
G =Tr{l} = ¥m=2Y m" = ”“1)3(2“ D @20
m = -1 m=1

By comparison of Equations (4.16) and (4.17), one can show that the Curie constant is

given by

C, = Ny F(D G (D) . 4.21)
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For spin-1/2 nuclei, Cj is evaluated by direct substitution of I=1/2 into Equations (4.19)
and (4.20). For cross polarization involving the central transition of a’spin-1/2 nucleus, a
‘, modification must be made.!3 '

To understand the nature of this modification, one must consider what effect
selective excitation has on the density matrix. The equilibrium density operator for a spih-

5/2 nucleus in the lab frame is proportional to the I, operator and has the matrix form

(5000 0 0]

0300 0 O

10010 0 O
D o= (4.22)
‘4 2(000-10 0

0000 -30

0000 0 -5

~ Application of a selective 90° pulse along the y-axis will only affect the central transition.
If the phase of this pulse and the receiver are alternated by 180° between scans,*’ the
residual z-magnetization will be cancelled out and the density matrix during the spin lock
can be approximated by a fictitious spin-1/2 operator on the central transition (see Section _
1.2.5).120  Switching to the “doubly rotating tilted frame”!'s? in which the axis of
quantization is along the effective field formed by the spin-lock field and the offset (see

Figure 4.11) gives the matrix

000000
000000
)&1001000. 4.23)
" 21000-100

000000
000 0 00

alt, tilt
p(tg,

Equation (4.23), not (4.22), is the form of the density matrix that must be substituted into
Equation (4.15). It is effectively a spin-1/2 system which means that I=1/2 is that value
that must be substituted into the equation for G(I) (Equation (4.20)). However, the
dimensionality of the matrix is still that of a spin-5/2 system so I=5/2 must be substituted

into the equation for F(I) (Equation (4.19)). This gives a Curie constant of
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2
Nghyg

2
Cg = Nghyg-F(S=5/2) -G(S=172) = T (4.24)
for the selectively excited aluminum atoms and a Curie constant of
2 Nlh'Y]z
_CI = Njayy - F(I=172) - G (I=1/2) = — (4.25)

for the silicon atoms during our cross-polarization experiments.
With this modification in mind, we can follow Mehring’s treatment and address the
dynamics of the cross-polarization process. The equilibrium aluminum magnetization on

the central transition is given by

(M), = Bs(t===)CsB, (4.26)

- N

_ (S+1/2)0,g

tan 64
Aw
S

X

X

Figure 4.11 - Schematic of the doubly rotating tilted frame from the point of view of the S
spins. (The I spin case is analogous.) The S spins see a coordinate system that rotates at
the S-spin Larmor frequency while the I spins see a coordinate system that rotates at the I-
spin Larmor frequency. Thus, only offset terms remain along the z axis. The coordinate
system is then “tilted” (by angles of 85 and 0; for the S and I spins, respectively) so that:
the effective field in the rotating frame defines a new z axis. For on-resonance irradiation,
the tilting angle is 90°.15 '
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where Cg is given by Equation (4.24). This is the initial condition at the start of the
experiment. After a selective pulse is applied, this magnetization is rotated by 90° and
spin-locked with a field of strength Bg. It is assumed that the pulse is short enough that
no significant change in entropy will occur during the pulse.!® Note that since this pulse
is selective, the effective field strength is actually (S+1/2)B;5.2’ Since the Byg field is
much smaller than the By field, a non-equilibrium situation exists. The origin of the time
axis is chosen to be the point at which the spin-lock field is turned on. The inverse spin
temperature at the start of the spin lock can be found by equating the magnetizations and

solving for Bg(t=0)

<Ms(t=0)> = <MS>eq

Bst=0)Cs ((S+1/2)B;g) = Bg(t==)CsB,, (4.27)
B,
Bs(t=0) = s/ p Bst==).

(S+1/2)B g

From the form of Equation (4.27), one can see that the spins are cooled by the spin-
locking process. They will, therefore, relax back to the lattice with a time constant Tl(s) .

_ The Hartmann-Hahn match condition, however, has provided another relaxation
pathway: the energy-conserving flip-flop transitions of Equation (4.5). In this
phenomenological approach, it is assumed that the rate at which these transitions occur
can be described by a cross relaxation rate constant, Tcp The cross relaxation is

constrained by the requirement of conservation of energy

d(Eg) +d(EI) '_ 0

T m (4.28)

Using the Curie law definition of magnetization (Equation (4.17)), Equation (4.28)

becomes

d(-BsCg ((S+1/2)B,g) %) L ACBCi( (1+1/2)B,)? )

T m 0 (4.29)
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where a generalized version of the Hartmann-Hahn condition has been used to describe

the effective applied field strengths. Substitution of the Curie constants gives

dB. B, )2 d '
Bs+x MBy |2 4P = 0. (4.30)
dt 3ygBg) dt
where
(S+1/2)N,

= m (4.31)

When the Hartmann-Hahn match condition is met, the term in parentheses in Equation

(4.30) equals one.

Using the constraint of Equation (4.30), one can write first-order rate equations

that describe the cross polarization process

d|Bs| _ [ks—Rkg Akg ||Bg (4.32)
dt\g, | key  —ky=kg| Byl

where kj and kg are the relaxation rate constants for the I and S spins respectively and kg;

is the cross-polarization rate constant. Using the initial conditions of

B](O) =0
Bs(0) = S

(4.33)

0

where S is a constant representing the initial S-spin magnetization (see Equation (4.27)),
one can solve Equation (4.32) to obtain the following equation for the intensity of the I

spin as a function of contact time

SoEkg; 0 (kg +k;+Kgy (1 +1) = W) 10p/2

(tep) = —7— - Le (4.34)
~(kg+k +kg (1+A) + W)T.,/2 ]

where
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W = [ (kg—k —Kg (1-3) %) +4K2 M. | (435)

Note that Equation (4.34) does not make any simplifying assumptions about the
relative magnitudes of the different parameters. Although in our case ki is several orders
of magnitude smaller than kg and kg, we chose not to make any approximations based on
this fact since k; could be independently and directly measured. It is also important to
realize that assumptions which may be valid for systéms with an abundance of protons
(such as the assumption that A is small) will often nét be appropriate for systems that do
‘not contain protons. Unwarranted simplifications have been made in the literature!> and
may have led to incorrect conclusions.

This phenomenological theory of cross polarization has several limitations. It
assumes that a common spin temperature is rapidly reached among spins of a given type
even thoﬁgh this may not be true for a system of dilute spins with a small gyromagnetic
ratio (where ‘heteronuclear and homonuclear couplings are of the same magntitude).'*
Thermodynamics also cannot be rigorously épplied to isolated paifs of spins. Another
problem with the phenomenological approach is that it incorrectly describes the behavior
of the system when the spin-lock amplitudes are mismatched.'® A more rigorous
treatment of cross polarization!*®!4® has shown that, due to quantum-mechanica].
constraints, a system will often not reach its true equilibrium state but rather a metastable
quasi-equilibrium. The quasi-equilibrium approach provides a more accurate description
of cross polarization under mismatched conditions and predicts a broadened match
condition (see Figure 4.5a) although the -predicted lineshape is Lorentzian rather than the
Gaussian typically observed. The quasi-equilibrium approach does not address cross-
polarization dynamics, however. Still another concern (particular to our snuatlon) is that
the fictitious spin-1/2 approx1mat10n may break down for quadrupolar nuclei.

Despite its deficiencies, the phenomenological model has been widely applied with
some degree of sucéess to studies of CP dynamics at the Hartmann-Hahn match which
leads us to consider it here. An important caveat is that parameters extracted from this '
model should not be viewed as true thermodynamic variables but as dependent in some

(unspecified) way on the experimental conditions.
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Equation (4.34) can now be compared with the experimentally measured curves
for cross polarization dynamics from 27Al to 2%Si in low albite. For the silicon sites with
one aluminum nearest neighbor, A is equal to 3 (see Equation (4.31)) while for the silicon
site with two aluminum nearest neighbors, A equals 3/2. Although most of the intensity in
the 2°Si MAS spectrum of low albite at @_/ (2m) = 2400 Hz is concentrated in the
centerbands, a few low-intensity sidebands are present for each site. Thus, a small
correction factor, &, is included for each site so that the centerband intensities can be
directly compared. £ represents the fraction of the total intensity of a given site that is in
the centerband. Because the principal values of the 295 chemical shielding tensors in low
albite are known (see Chapter 5),‘53 € can be calculated. At ®_/(21) = 2400 Hz, § is
equal to 0.76, 0.83, and 0.81 for the & = -91.8 pprri, O = -96.1 ppm, and
d = -103.9 ppm sites respectively. These values are quite similar to ‘each other and
show that for our case, this is indeed a small correction. However, for slowly-spun
samples that contain sites with vastly different chemical-shielding anisotropies, the
differences in § would be significant.

To determine the cross-polarization time dependences, the measured values (see
Figure 4.8) of the silicon rl)tating—frame relaxation times (k; = 1/ Tl(:)) ) were used, and
three-parameter fits were performed to extract values for Sy, kg, and kg;. The results of the

best fits are summarized in Table 4.1. The rate constants for the cross-polarization process

Isotropic Shift | ky=1/T;," kg=1/T;,® kgr=1/Tcp Sq
[ppm] [s1? s s
91.8 0.17 45 2.8 17
-96.1 0.08 29 2.2 22
-103.9 0.09 33 2.4 25

" Table 4.1 - Parameters from cross-polarization time-dependence fits

a. Ty p“)’s for silicon were measured by independent experiments and used as fixed parameters.

are, as expected, all in the same range since the distances to the nearest-neighbor

aluminum atoms are very similar (see Table 3.1). However, the initial S-spin
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magnetizations and the aluminum relaxation rate constants show a rather large and
unexpected variation. Since there is only one aluminum site, one would expect to obtain
similar values for these two parameters.

Although there is only one crystallographic aluminum site in low albite, it is
conceivable that there could be different Tip relaxé.tion rates for aluminum atoms in
different magnetic environments. Figure 4.12a shows a schematic. view of the two
possible environments, an S,I system (for Q4(2A]) sites) and an S.I system (for Q4(1Al)

sites). To determine if the magnetic environments were a significant factor, aluminum Ty,

293;

V’\V/\VI\VAVAVAVA

Figure 4.12 - (a) Possible magnetic environments in low albite. (b) Pulse sequence for
indirect 27Al T]Q measurement. A spin-lock on the 2’Al channel is followed by cross
polarization to %Si to separately measure the T|,‘s of aluminum atoms in different -
magnetic environments.
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/
values were measured indirectly using to the pulse sequehce of Figure 4.12b. The results
of such measurements are shown in Figure 4.13. The fast-decaying portion of the
biexponential (see Section 3.4) could not be reliably measﬁred due to the finite rise time of
thé pulse on the 295 channel, but the slow time constants are the same for all three sites to
within experimental error. Variations in aluminum T, 0 values are, therefore, not the
reason for the low intensity of the Q*2Al) site.

Another potential method for deconvolving the rate parameters would be to
perform “drain” experiments as a function of contact time.!*>»!5 Such experiments would
consist of two parts: (a) Hartmann-Hahn cross polarization from 2si to 27Al followed by
detection of the 29S; FID, and (b) a spin-lock only on the 29g;i spins followed by detection
of the 2%Si FID. Phase modulation of the spin lock on the 27Al spins during part (a) would
prevent 27 Al-to-2si polarization transfer and eliminate the effect of the 27Al T}p on the
signal. Taking the difference between experiments (b) and (a) and normalizing to

experiment (b) would give a signal with an intensity that depends only on A and Tcp A

1.00

L
@,
0.80
0.60
0.40
0.20 | i
O.OO-...I...I..le...I.-
0.00 0.02 0.04 0.06 0.08

TgL [S]

Figure 4.13 - Indirect T}, measurements for the aluminum atoms near the three different
silicon sites in low albite. The circles correspond to the 8=-91.8 ppm site; the diamonds
correspond to the 6=-96.1 ppm site; and the squares correspond to the 8=-103.9 ppm site.
To within the accuracy of the measurement, the slow time constants are the same in all
three cases.
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single-parameter fit could therefore be used, permitting a more reliable determination of
Tcp Unfortunately, the long T, of the 29Si spins makes 2°Si-to-27Al cross polarization
impractical. |

To determine how sensitive the contact-time-dependence fits are to the parameters,
Equation (4.34) was used to generate simulated curves for several sets of parameters.
- Specifically, pairs of curves with identical values of Sj and kg (the mean values of those
listed in Table 4.1) were generated for A=3/2 (the Q4(2Al) site) and for A=3 (the Q4(1Al)
sites). The other parameters were varied but were gonstrained to have the same order of
magnitude as the values in Table 4.1. A few of these curves are plotted in Figure 4.14a-d
with the dotted lines corresponding to the Q4(2Al) site and the solid lines corresponding to
one of the Q*(1Al) sites. In Figure 4.14a, the k; and kgy values from Table 4.1 were used
(along with the appropriate values of £), and the maximum CP intensity for the site with
two aluminum nearest neighbors was found to be higher than that for the site with one
aluminum nearest neighbor. However, the maxima of these simulated curves appeared
especially sensitive to the value of kg;. With just slight variations in the value of kg;
(Figure 4.14b-d), the relative intensities of the Q*2Al) and the Q*(1Al) sites changed
considerably. In most cases, they were within a few percent of each other, but sometimes
the Q4(2Al) site was more intense than the Q4(1Al) site and other times the converse was
true. Thus, there is no simple relationship between the maximum intensity of the cross-
polarized signal and the number of nearest-neighbor alﬁmir}um atoms for the conditions of |
our experiments.

In view of these ‘simulations, our experimental observation that the maximum
intensity reached for the site with two aluminum nearest neighbors is lower than the
maximum intensities of the two silicon sites with one aluminum nearest neighbor is not
surprising and agrees qualitatively with the phenomenological theory. In fact, precise
quantitative agréement between our data and Equation (4.34) is not expected. The spin-
temperature model we have used assumes an exponential decay of the spin-locked
magnetization, but as pointed out in Chapter 3, the relaxation of 27Al in low albite s at
least biexponential. The fact that there is no simple way to incorporate biexponential
relaxation processes is one of the limitations of the phenomenological model. However,

Equation (4.34) is still a useful approximation. The values of Tfs) extracted from the fits
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(see Table 4.1) all fall into the physically reasonable range of being larger than the fast-
decaying component and smaller than the slowly-decaying component of the measured

rotating-frame relaxation of 27Al in low albite (see Figure 3.15).

Figure 4.14 - Simulated cross-polarization time-dependence curves showing the
sensitivity of the relative intensities to slight variations in cross-polarization rate
constants. In all simulations, Sy=21 and kg=36 5™} (the average of the values in Table 4.1)
for both curves. The dotted line represents the cross-polarized silicon intensity for a
Q*Q2Al) site, and the solid line represents the cross-polarized silicon intensity for a
Q4(1Al) site. The following parameters are held constant in all simulations for the
Q*(1Al) site (solid line): & = 0.83, k; = 0.08 s\, kg =2.2 s}, and A = 3. In all of the
simulations for the Q4(2Al) site (dotted line), two parameters are held constant: & = 0.76
and k; = 0.17 s”!, and the others vary as follows: (a) A = 3/2, kgi=2.8s"; (b) A=3/2, kg
=245 (c) A=3/2,kg;=225"(d) A=3/2,kg;=2.05"; (e) A=2.78,kg;=2.657); ()
A=2.78 kg =245 (g) =278 kg =225
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Cross-polarization intensities often cannot be quantitatively interpreted even for
the relatively simple case of cross polarizati»on between two spin-1/2 nuclei. When
quadrupolar nuclei are involved, there is the additional complication that a selective pulse
on the central transition will not uniformly excite all possible crystallite orientations.
Thus, the value of A for the Q*(2Al) site would be expected to deviate from 3/2. As
discussed in Section 1.2.5, only 9/35 =25.7 % of the aluminum spins are expected to be
excited by a selective pulse on the central transition.”” From simple statistics, one can
calculate the probabilities that a given 295 nucleus in a Q*(2Al) site has zero, one, or two
excited aluminum neighbors. Since spin-temperature alternation?’ eliminates all direct
(non-cross-polarized) 25 signal, one only needs to be concerned with the caseg of one or
two excited aluminum atoms. Taking the weighted average of these two cases gives A="
2.78. While this is significantly different from the value of A = 1.5 used in the fits above,
an examination of the simulations in Figure 4.14e-g reveals that the same general behavior
is observed, but the values of kg are slightly shifted. Since the values of A and kg; are
highly correlated, their effects are difficult to deconvolve, and the matter was not pursued
further.

It is conceivable to correct for all these unknown scaling factors by explicitly
taking the experimental con’d.itions into consideration and simulating the relevant part of
the spin system numerically.’' Such an approach may enable quantitative extraction of
relative intensities. from cross-polariiation spectra involving half-integer quadrupolar

nuclei.

4.5 Prognosis for Cross-Polarization from Quadrupolar Nuclei Using
Low-Rf Field Strengths

In general, the improvement in signal-to-noise ratio that can be obtained by using
cross polarization depends on two factors: (1) the gyromagnetic ratio of the two spins and
(2) their longitudinal relaxation times. The relaxation time determines how fast an
experiment can be repeated, and a shorter relaxation time has the advantage of permitting
faster signal averaging. In low albite, the signal-to-noise ratio per unit time was enhanced -
by a factor of five for the 27 Al-t0-29Si cross-polarization experiment relative to the direct-

excitation experiment when both were optimized. The enhancement for the 23Na case was
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a factor of two (see Figure 4.15). Although in a single scan the signal obtained by cross
polarization is actually less intense than the direct-excitation signal, there is a still a gain
in the signal-to-noise ratio per unit time due to the faster repetition rate in the cross-
polarization spectrum (5 s) compared to the direct-excitation spectrum (2000 s).

The cross-polarization experiment gives less signal per scan than the direct
excitation experiment because the cross-polarization efficiency for quadrupolar nuclei is
usually very low for a sample spun about an angle greater than 30° from the static field as
a consequence of the time-dependence of the first-order quadrupolar interaction.!!'!?2
Although switched-angle spinning experiments take advantage of the increased cross-

polarization efficiency for samples spun about an axis parallel to the static magnetic

Single Pulse
on 2°Sj

N

| 23Na-t0-29Sij
Cross Polarization

| 27 A|-t0-29Si
k J J Cross Polarization
1 I_r LR LI l LR l L L] I LI I LR IT1 T

-85 90 -95 -100 -105 -110
Frequency (ppm from TMS)

Figure 4.15 - Relative intensities for constant time experiments. All three of these spectra
were acquired by signal averaging for 8000 s although the recycle delays (and, hence,
number of scans) differed from experiment to experiment due to differences in T;. (The
delays were 2000s, 2 s, and 5 s for the 2%Si, 23Na-to-2%Si, and 27Al-to-29Si experiments,
respectively.) The experiments were normalized by the square root of the number of scans
"so that the noise levels were the same.
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field, 12214 they cannot be performed on conventional MAS equipment. Furthermore, the
desigh of ‘switched-angle spinning probes which are capable of spinning about an axis
parallel to the static field!>! precludes the use of a large volume rotor, but use of a large
rotor greatly enhances sensitivity. Thus, despite the loss in intensity per scan, Cross
polarization from quadrupolar nuclei during MAS can still be a useful technique in many
cases.’ " )

- It is possible to enhance the cross-polarized signal further by performing a linear-
amplitude ramp during the spin lock on the spin-1/2 channel (see Figure 4.16).157158159
Such a ramp is fypically centered at an amplitude equal to the center of one of the match
conditions (see Figure 4.5b; in our case, we used the centerband), and the amplitude is
stepped over the full width of that condition. The variation in amplitude compensates for
dipolar broadening and field inhomogeneity, permitting a larger fraction of the crystallites
in the sample to be Hartmann-Hahn matched than in the constant-amplitude case. For
sufficiently small ramp slopes, the process can be considered quasi-adiabatic. In
principle, equivalent results will be obtained regardless of whether the slope of the ramp is
positive or negative or whether the ramp is performed on the S or I channel. Our
experiments had to be performed with the ramp on the 295i side, however, since the spin
lock on 27Al was so small. This led to an additiona‘l 40% signal enhancement and a slight
modification of the cross-polarization parameters (see Figure 4.17). However, the relative
heights of the three peaks did not change. More complicated amplitude-modulation
techniques have also been developed,!®®'¢! but they require specialized hardware.
Furthermore, they are highly optimized for pairs of spin-1/2 nuclei and may not be easily

generalizable to quadrupolar systems. For these reasons, they were not pursued further.

27A1

Figure 4.16 - Linear ramp sequence for enhancing cross-polarized signal intensity by
matching to all crystallites.

133



In heterogenous samples, quantitation can be improved in some cases by

performing a chain of cross polarization steps in which the source spins are allowed to
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Figure 4.17 - Comparison of cross polarization dynamics for experiments performed using
a Hartmann-Hahn match (circles) and linear amplitude ramp (squares). (a) The 6=-96.1
ppm site. (b) The 8=-91.8 ppm site. Although intensities were enhanced by 40% by using
the ramp, the CP dynamics were not substantially altered, and the relative intensities of the
Q4(1A]) and Q4(2Al) sites remained the same.
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relax completely between contact peri<l)ds.‘62_"63 Since such a method is not practical for
use in two-dimensional experiments, we chose not to explore it with our system.

In addition to large differences in T; times, two other conditions must be fulfilled
for cross polarization from quadrupolar nuclei to be advantageousf (1) the quadrupolar .
coupling constant must be small enough to allow efficient spin locking, and (2) the Ty,
relaxation times of both spins must be long compared to the inverse of the cross-relaxation

rate constant.

a)

N ]

10000 5000 0 ~ -5000 -10000
[Hz]

Figure 4.18 - 2%Si spectra of dehydrated zeolite Na-A. (a) Direct 2°Si signal. Thirty-two
scans were recorded with a recycle delay of 20 s. The broad downfield peak is due to glass
ampule in which the sample was sealed. (b) 27 Al-to-2%Si CP signal. 1056 scans were
recorded with a recycle delay of 0.5 s. The spectra are scaled to the same noise level to
permit a direct comparison of signal intensities. -
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In samples where the spin-1/2 nucleus has a relatively short Ty, cross polarization
from quadrupolar nuclei, although still possible, may not lead to a signal-to-noise
enhancement. Figure 4.18 shows two 2g; spectra of déhydrated zeolite Na-A, both
acquired with 10.7 minutes of signal averaging. The experimental parameters were
similar to those described in Section 4.2. The spectra are scaled to the same noise level,
allowing a direct comparison of signal intensities. Although the cross—polariz'ed spectrum
eliminates the background 295i signal from the glass ampule, the signal-to-noise per unit
time is approximately the same in both cases. However, the presence of a cross-polarized
signal can be useful in heteronuclear correlation experiments even if it does not lead to

signal enhancement (as will be demonstrated in Chapter 6).
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Chapter S: Applications of Crbss Polarization from
Quadrupolar Nuclei to Aluminosilicates

An advantage of the faster repetition rate for 27 Al-t0-2%Si cross polarization' is the
increased feasibility of two-dimensional experiments since a five-fold increase in signal
enhancement corresponds to a twenty-five fold savings in time. In this chapter and the
- next, we present two-dimensional experiments which demonstrate applications of cross

polarization from quadrupolar nuclei.

5.1 Isotropic-Anisotropic Correlation Spectroscopy

Due to its typical high resolution and sensitivity to local atomic environments,
solid-state 2°Si NMR has been used extensively to study a wide range of materials and
materials-related problems. Most of the chemical information obtained using 295i NMR
has utilized the isotropié chemical shift. Through empirical relatiohships, informati(;n
about aluminum occupancy of next-nearest neighbor positions, Si-O-T bond angles, and
$i-O bond lengths have been obtained. 1016 |

The chemical shift is strongly dependent on the local electronic environment and
on the orientation of a crystallite relative to the static magnetic field. To fully characterize
the local atomic environmex;t, both the isotropic and the anisotropic components of the
chemical shift need to be determined. For single crystals the complete orientation-
dependent chemical-shielding tensor can be determined by measuring NMR spectra as a
function of orientation of the crystal about three axes relative to the magnetic field® or by'a
more efficient technique that invol'vés the sudden reorientation of the cfystal during a two-
dimensional NMR experiment.'®>1%6167. For powders, the chemical-shielding interaction
can be determined from NMR spectra of a static or slowly rotating sample. When
multiple atomic sites are present, however, the powder patterns will often overlap,
precluding the determination of the chemical-shielding parameters from a simple one-
dimensional spectrum.

The problem of spectral overlap can be overcome by the use of two-dimensional
NMR techniques\ which combine the high resolution of an isotropic chemical-shift

spectrum in one dimension with the high information content but low resolution of an
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anisotropic spectrum in a second dimension. Two-dimensional isotropic;anisotropic
correlation techniques have led to the greater utilization of the anisotropic chemical shift
for the characterization of the local atomic environment, for the study of molecular
motion, and for comparisons with theoretical calculations.?

Recently, many isotropic-anisotropic correlation techniques héve been developed
including: Magic-Angle Hopping (MAH),!¢® Magié-Angle Turning (MAT), TOSS-
reTOSS, 60 Switched-Angle Spinning (SAS),'"®!"172 Variable-Angle Correlation
SpectroscopY (VACSY),*!7? experiments involving changes in the spinning speed!’*!"
and variations of the above. All of these techniques involve reorientation of the powder
sample either by hops between discrete positions (MAH), by sample spinning (MAT,
TOSS-reTOSS, and the variable speed techniques), or by a combination of the two
(VACSY, SAS). VACSY, SAS and the variable speed techniques will not be discussed
further in this thesis since they cannot be carried out with a conventirnal MAS set-up.
The Magic-Angle Hopping experiment also requires special equipment but will briefly be

mentioned because it is the conceptual predecessor of Magic-Angle Turning.

5.2 Magic-Angle Hopping

Magic-Angle Hopping (MAH)!%*1" was one of the first techniques developed to
produce isotropic-anisotropic correlation spectra. The experiment makes use of the fact
that anisotropic second-rank interactions will be averaged to zero under transformations
that have cubic (or higher) symmetry.'”” Rapid magic-angle spinning is one example of
such a transformation, but it can be.shown!' that three discrete 120° “hops” about the
magic-angle axis also suffice to average out the chemical-shielding anisotropy. A
derivation of this property as it applies to the MAH experiment will not be presented here,
but the same principle will be discussed in more detail in Section 5.3.1 in relation to MAT.

Figure 5.1 shows the Magic-Ang'le Hopping pulse sequence (with the conventional
use of the label S for the directly detected spins). The evolution period is divided into
three segments, each of which occurs at a different rotor phase angle. Z-filters* are used to

store one component of the magnetization along the static field while the sample is -
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reoriented. At the end of t,, only the isbtropic part of the chemical shift remains. Two-
dimensional Fourier transformation leads to- a spectrum in which isotropic shifts are
correlated with static powder patterns.

While the MAH experiment is conceptually elegant, it fequires a specialized probe
design!’® which, althqugh commercially available, is not found in many NMR
laboratories. Another drawback of the experiment is that static powder patterns have poor
signal-to-noise compared to MAS sideband patterns. Both of these problems can be

circumvented by performing slow-spinning variations of the experiment.

5.3 Isotropic-Anisotropic Correlation by Slow Spinning

The MAH pulse sequence of Figure 5.1 cdn, in fact, be applied to rotating samples
as was first shown by Gan.!” In this experiment, the pulses are synchronized with the
sample rotation so that t; evolution occurs after the sample has rotated by 120°
increments. In the limit that t; is much smaller than the rotor period (requiring rotation
rates of less than 100 Hz), it- is possible to view the slow-spinning experiment as an

approximation to the discrete hopping experiment.

90°

90° ~ 90° 90° 90°
t 1
-§‘I hopj—g‘l hop

!

- Figure 5.1 - The Magic-Angle Hopping experiment. The sample is static during each
portion of the evolution period. Z-filters are used to store’ a component of the
magnetization as the sample is reoriented by 120° about the magic-angle axis. These
positions correspond to three vertices of an octahedron. At the end of the t; period, the
chemical shift anisotropy has bec? averaged out.
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Using such a slow spinning speed is not the best way to perform the experiment, ;
however, since it leads to distorted powder patterns which are difficult to interpret. A
better épproach is to spin at a fast enough rate that distinct spinning sidebands appear in
the anisotropic dimension. This Will improve the signal-to-noise and, hence, the reliability
of fits of the CSA parameters. In addition, when the S-spin chemical-shielding anisotropy
is greater than the S-spin homonuclear dipolar coupling (as is the case for nuclei with low
gyromagnetic ratios and low natural abundance such as 13C or 2%si), it will be possible to
choose a spinning rate that makes the sideband intensities independent of the dipolar
interaction. To theoretically describe the case where the evolution period is a significant
fraction of the rotor period, one must consider the time-dependence explicitly!' as will be
shown below (Section 5.3.1).

The pulse sequence of Figure 5.1 is not the only possible sequence that can be used
to implement this concept. Variants using 180° pulses have been developed by Gann et
al.'” and Hu et al.'8 Collectively, these experiments are known as Magic-Angle Turning

experiments,'!"80 and they will be discussed in detail in the following sections. .

5.3.1 Theory of Magic-Angle Turning Experiments

To show how Magic-Angle Hopping and Magic-Angle Turning experiments lead
to an isotropic spectrum in the ®; dimension, the theory behind such experiments will bé
outlined. Related derivations can also be seen in the Ph.D. theses of Baltisberger!' and
Gann.'®

Figure 5.2 shows a schematic of a generalized MAH/MAT type of experiment. It is
not meant to represent a particular pulse sequence but will serve as a framework for the
following discussion. The periods labeled 8 will be constructively added in several of the
pulse sequences to form the evolution period, t;. (In one case,'® the evolution period is
formed slightly differently, but the same formalism can still be used.) T represents the
number of basic building blocks (groups of pulses) used to construct the sequence, and N
and X are integers. The isotropic echo is formed at the time 1’ In the following derivation,
we will assume that the pulses are short enough relative to the rotor period that their finite

width can be neglected.
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During an MAT experiment, the magnetization' evolves under the secular

chemical-shift Hamiltonian (see Sectior; 1.2.3)
Heg = QUL (5.1

where the time-dependent frequency of the chemical shift for a single crystallité is given

by (see Equations (1.108) and (1.60))
: 1 CS
Qv = 3¢, 3 DY@t +0,60A . (5.2)
) 1 m = -l

The {C,;} are constants, and Alcfn defines the orientation of the chemical shift principal
values relative to the rotor axis (via the Euler angles oS, BCS, and YCS). In the zeroth-
order average Hamiltonian approximation, the phase acquired during the evolution period
of an MAT pulse seduence can be determined by integrating Equation (5.2) over time and :

makin'g use of the fact that the pulse sequence contains repetitive building blocks

r-i1[ (Ntj/x) +8 Nt (j+1)/x
P(t') = Z J f Q(t)dt + K J' Qv dt
j=0 N1,j/x | (NT,j/K) +8 53 A
i
+L | Qat.
I'Nt./x
0
i ;S J\VA
e NTr —_— ' .
K
K
/
< T >

Figure 5.2 - Generalized MAH/MAT type experiment. The basic bhilding block 1is
repeated T" times, and the periods 8 contribute to the evolution. N and x-are integers;
restrictions on their values are described in the text.
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Here, the terms J, K, and L have been introduced to describe the effect of the pulses on the
spins since the types of pulses that are applied dictate how the phase accumulates in the
transverse plane (e.g. - a 180° pulse reverses the sign of the phase of a given crystallite!®?).
Thus, Equation (5.3) represents the combined effects of the pulse sequence on both spin
space and geometrical space. "

Substituting Equations (5.2) and (1.36) into Equation (5.3) and factoring out the

m=0 term gives

(r-1F (Ntj/x) +8 Nt (j+1)/x
<p(rf)=;cd(§%(e)Alo{z{J j dt+K j dt}

Ntj/x (NT,j/K) +8

’

| .
+L | dt} T XD YR RN (Y el
1

I'Nt,/K m=-;m#0

(5.4)
r-1 (N1,j/x) +& . Nt (j+1)/x _ :
X { ) [J [ &™a+x | e_lmm'tdtJ
=0 Nt,j/x (NT,j/x) +8 .
T, .
—-imw,t
+L I e dt }
- I'Nt/x .
Integrating Equation (5.4) and using the fact that o T, = 27 leads to
I'Nz
M ' r
d(t) = Cidy o®A ( ——) [J K( )}
() 2 @A 0{ _ 5+
: -im
£33 Al )
1 m=-l;m#0 (55)
) 5 - _imN27m\j
><{[(J--K)e_mmr ~J 4+ Ke (MR /X 2[ * }
-im@v  _(imI'N2m)/x

+L (e " —e ) }.

For the chemical-shielding interaction, | can only have the values O or 2. Under MAS

o 2 . . o
conditions, dé,g equals zero, and the m=0 term in Equation (5.5) simplifies to
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KI'Nt

I'Nt
r+L('c’— ‘)}

Cy0,, {T8(J-K) + ”

(5.6)
where the summation over j has been performed.

The remaining terms in Equation (5.5) contain the anisotropic parts of the
chemical-shielding interaction. To see how these terms can be made to vanish, it is useful
to perform the sum over j explicitly. Since it is a geometric series, it-can be analytically

evaluated

r-if _imN2m\j —(imI'N2m) /x |

2 e X - 1-e (5 7)
—(imN2m) /x '

. : l1-e

The denominator cannot equal zero which means that
m———?;ﬁinteger; m=+1,+2. (5.8)

The lowest value of x for which this relation can be satisﬁéd. is x = 3; then it will hold
for all values of N that are not multiples of 3. This constrains the number of rotor cycles
over which an MAT-type experiment can be performed. All MAT sequences published to
date use x=3. Note that similar principles have been used to remove spinning sidebands
for odd-half-integer quadrupolar nuclei although in that case five 72° rotations about the
angle 63.43° are necessary.'”? |

It is now necessary to consider specific details of the pulse sequences to
demonstrate how the different flavors of MAT produce isotropic spectra in ;. For the
experiment of Gan'”® (see Figure 5.3), the 90° pulses act as z-filters. Therefore, evolution
in the transverse plane will only occur during the periods & and during the acquisition.

This corresponds to the case where J=1, K=0, and L=1; thus, Equation (5.6) becomes

I'Nt ' ‘
CoOiso {TO+ (T’— - r)} (5.9)

and the anisotropic term is given by
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-im®,8 ~(imI'N2m) /x

(e -1)(1-e —(imN2r) /..

)

-imo,v cf(imern) /K

) + (e

( l—e (imN2n) /K

) (1-e

(5.10) -
)

In the sequence of Figure 5.3, two blocks of pulses are applied (I'=2). When the time
interval between the end of the last block and the start of acquisition is set equal to J, one
can show (after a lot of algebra) that the numerator in Equation (5.10) is zero. Thus, the
anisotropy is eliminated, and a purely isotropic echo is formed. Furthermore, it is easy to
see that Equation (5.9) reduces to C,0,{36,} so 6 must equal t;/3.

In the experiments of Gann et al.'”, evolution occurs in the trensveérse plane
throughout the entire pulse sequence. The 180° pulses will simply change the sign of the
chemical-shift Hamiltonian, corresponding to J=1, K=-1, and L=1. Equation (5.6),

therefore, becomes

I'Nt, , I'Nt, '
Cy0; o 12T - — T }. (5.11)

From Figure 5.5, we see that I'=x=3. This means that the sum in Equation (5.7) equals

zero and the anisotropic term has the form

(e _gimNT,) (5.12)
which vanishes whenever t’ is an integer multiple of the rotor period. Thus, a series of
isotropic echoes spaced at integer multiples of the rotor period will be recorded during the
acquisition period.!8® These are the well-known MAS rotational echoes, and when
Fourier-transformed they lead to sidebands in the frequency domain.*® The spin echo (due
to the 180° pulses) will occur when t° = 2Nt _ (see Equation (5.11)) so 8 is t;/6.

The experiments of Hu et al.'® need to be described somewhat differently because
of their unconventional evolution scheme. Still, the above formalism can be used if d is
replaced by (N71_/6+¢) for the positive evolution experiment (see Figure 5.7). The

accumulation of phase is described by J=1, K=-1, L=-1, and Equation (5.6) becomes

Nt I'Nt, , I'Nt,
Cy0io 16 < e T\T T (5.13)
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Since I'=x=3, the anisotropic terms again vanish whenever 1’ is aninteger number of

rotor periods. The spin echo will be formed at T° = N‘cr, and, therefore, and £=t,/6.
Clearly, isotropic echoes can be formed by all three pulse sequences. In the next

two sections we will exaimine experimentél aspects of the techniques and compare their

performance as applied to low albite. -

5.3.2 MAT with 90° Pulses

Figure 5.3 shows the first version of the MAT experiment proposed by Gan'™ in

1992. The pulse séquence is identical to the MAH sequence of Figure 5.1 except that the

sample is continuously rotated rather than discretely jumped. While the sequence

successfully eliminates the anisotropy in the ®; dimension (as demonstrated in the

previous section), it cannot be used to genefaté pure absorption-mode lineshapes in that
dimension, despite assertions to the contrary.!""'’® (The earliér MAH paper'® did not claim

“to be phase-sensitive, and spectra were displayed in the absolute value mode.) The reason
that pure-phase spectra cannot be obtained can be seen by inspecting the pulse sequence
and coherence-transfer pathway. shown in Figure 5.3. The 90° pulse after the second z-

filter restores both +1 and -1 quantum coherences, but the detector records only one of

I90°
e dec decouple
S 90 90°
- N’C
2
1
P 0@—:
-
-2

Figure 5.3 - The original MAT experiment!’8. Note that the pulse sequence fails to retain

both the +1 and -1 coherences throughout the entire evolution period, preventmg pure
absorption-phase spectra from being recorded.
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them (the -1 quantum coherence in this figure). However, no pulse separates the last
portion of the t; period from the acquisition period, t;. Thus, the evolution of the +1
quantum coherence during the last part of the-t; period is not recorded, prohibiting phase-
sensitive detection in ;.* Simply applying whole-echo acquisition to the sequence with
only 90° pulses as has been suggested!! does not alleviate this problem since a whole echo
cannot be obtained for small values of t;. It is possible to add a 180° pulse after the last
90°, however,'* in a combined hypercomplex/whole-echo acquisition experiment (see
Figure 1.7d). This not only produces pure-absorption lineshapes but also can eliminate
probe-ringdown effects.!®® Variations which incorporate echoes in each segment of the ti
period to suppress artifacts due to relaxation also exist.!8%186

It is, however, possible to obtain a pure-phase, isotropic-anisotropic spectrum
using only 90° pulses. A sequence that does this was also proposed by Gan'®* and is
depicted in Figure 5.4. Like the original MAT experiment, the symmetry of 120° rotations
about the magic-angle axis is exploited, but the definition of t; used in this experiment is
somewhat unconventional. By varying both the time at which signal acquisition is begun
and the phase cycling of the receiver, experiments with effectively different signs of t; can

be recorded as described elsewhere.!®® The experiment labeled P* in Figure 5.4
iCy0,,, {3(1,72) }

150

corresponds to a t{-domain signal proportional to e (neglecting relaxation)

iC,0,,, {3(-t,/2)}

150

while the experiment labeled P~ corresponds to e To process the data,
one must first apodize the P* and P~ data sets separately since the echo maxima shift in
opposite directions in increments of half the t; dwell time. Hypercomplex cosine and sine
data sets can be then formed by linear combination of these two data sets, and Fourier.
transformation in both dimensions gives a skewed spectrum. It is tempting to think that
one should shear the spectrum by using Equation (1.141) with f=1/3 to obtain more easily
interpretable results. However, the rotational echoes present in the t, dimension of the P*
and P" data sets lead to sidebands in the two-dimensional spectrum, and shearing would |
produce anisotropic shapes that are difficult tov interpret.'®?

The pulse sequence of Figure 5.4 was applied to low albite, but the quality of the
recorded spectrum was poor (data not shown) with dispersive contributions to the

lineshape even in the unsheared spectrum. A possible reason for this is the combination of

a long 25 T, relaxation time and weak heteronuclear couplings in low albite. The pulse
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sequenées of Figures 5.1, 5.3, and 5.4 were designed under the assumption that the
magnetization which remains in the transverse plane after the first 90° pulse of the z-filter
will completely dephase before the second 90° pulse.'® While this is a good
approximation for B¢ spins coupled to many protonsl,168 it may not be valid for our case
where the heteronuclear couplings are weak and transverse relaxation slow. Although, in
principle, it would be possible to create a longer phase cycle that eliminates the effect of

this residual magnetization, there is a better alternative for samples with long T, times.

0,
| g%
: ¢4 ¢5 ¢e ¢7 ¢R+
. +
2 2 l 1ﬁ! 3
| | o7 OR.

“ 4 5 6 ' .
— t Pt t -
: i
- N‘c ._Nr,... |

¢4: 0202 0202 0202 0202 0202 0202 0202 0202
o0 11T 1111 1111 111t 1111 1111 1111 111
¢3. 0000 0000 0000 0000 0000 0000 GOOO 0000
¢4: 3300 3300 3300 3300 3300 3300 3300 3300
¢s: 1111 1111 1111 1111 1111 1111 1111 1111
0 3300 0033 3300 0033 3300 0033 3300 0033
7 111 1111 2222 2222 3333 3333 0000 0000
op.: 0220 3131 1331 0202 2002 1313 3113 2020
op.. 0220 1313 1331 2020 2002 3131 3113 0202

Figure 5.4 - Pure-phase pulse sequence for isotropic-anisotropic correlation spectroscopy
using only 90° pulses.'® Spin-temperature alternation*’ and CYCLOPS*® have been
added to the originally published phase cycle. When applied to organic samples,
‘heteronuclear decoupling must be used during the evolution and detection periods.
Details are described in the text.
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By using 180° pulses, it is possible to avoid the z-filters (and the loss of magnetization that
goes along with them) and keep all of the magnetization in the transverse plane. Methods

for doing this will be described in the following section.

5.3.3 MAT with 180° Pulses

Variations of the MAT experiment which use 180° pulses rather than 90° pulses
provide a convenient alternative for samples with sufficiently long T, times.!®> As shown
in Section 5.3.1, such experiments take advantage of the same symmetry properties of
second-rank tensors that the MAH experiment exploits. By keeping the magnetization in
the xy-plane, the loss of magnetization that comes from using a z-filter is avoided.

Figure 5.5 shows one such pulse sequence developed by Gann (not to be confused
with Gan) et al,.'” and Figure 5.6 shows a spectrum of low albite acquired with this
sequence. While the sensitivity of the spectrum is quite good, the resolution is rather poor.
This is due to the fact that the ekperiment is a constant-time experiment, which limits the
maximum value of t;, leading to truncation artifacts. From the pulse spacing in Figure
5.5, it is easy to see that t; must be less than 2Nt Increasing the value of N leads to
improved resolution for a given dwell time, and the value of N also must be large enough
that the entire echo can be acquired if one wishes to avoid phase distortions. However,
due to T, relaxation, there is a practical limit on the total number of rotor cycles which can

be used before the sensitivity becomes prohibitively low.

ECP |
S

Ff'}; :

nT,

Figure 5.5 - Pulse sequence of Gann et al.!” for performing an MAT experiment with 180°
pulses. The 180° pulses are phase cycled in steps of 180° to retain the £1 coherences at all
times. Spin-temperature alternation*’ and CYCLOPS*® are also used. An echo is formed
for n=N as described in Section 5.3.1. Because the whole echo is acquired for all t; points,
only a single data set needs to be collected.
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The'spectrum shown in Figure 5.6 was acquired with N=1. Interestingly, the most
intense peak in the t, dimension occurred at two rotor periods after the last 180° pulse
- rather than one. The reason for this artifact is not yet understood, though it may be related

to the fact that the number of rotor cycles over which the experiment was performed was
"quite small, causing one of the rotational echoes to be coincident Wwith the last 180° pulse.
" Pulse-length or timing imperfections and other sources of experimental error also cannot
be ruled out. The data was processed using whole-echo acquisition (see Section 1.5.2)
with the most intense peak used as the center of the echo. Surprisingly,_using the “wrong”
echo gave results which were in good agreement with those obtained from other pulse
| sequences. This was most likely due to the fact that the apodization applied to the t;
dimension suppressed much of the signal from the other rotational echoes, so the majority
of the signal was determined by one rotary echo. Since all of the rotary echoes have the
same shape (differing from each other only by a phase shift),* similar isotropic-
anisotropic correlation spectra can, in principle, be obtaiﬁed from any one of them.!8*
Still, the results obtained from this method should be Qiewed as suspect until the nature of

the artifact is fully understood. .

901 cooedbiecesee | ——
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Figure 5.6 - Isotropic/anisotropic correlation spectrum of low albite acquired using the
pulse sequence of Figure 5.5. The dwell time in the t; dimension was 300 ps while that in
the t, dimension was 100 us. Fifteen t; points (with 1024 scans in each) and 512 t, points
were acquired, but the data was zero filled to form a 128 x 512 data set. The total

- experimental time was 21.5 hours. The spinning speed was-470 Hz and 2si 180° pulse
length was 28 ps. The experiment was performed with N=1.

149



r—
—
-

INT, INT,INT, INT, [NT, INT,
6 6 6 6 6 6

Figure 5.7 - Pulse sequence of Hu et al.!® for performing the MAT experiment with 180°
pulses. Two data sets are collected corresponding to positive and negative increments of
g, and the data are processed as described in the text. Phases are cycled as described in the
caption of Figure 5.5.

v

Another method for performing the MAT experiment with 180° pulses was
developed by Hu et al. and is shown in Figure 5.7.'% As in Gann’s experiment, a series of
180° pulses is used to keep the magnetization in the xy-plane at all times. To obtain pure-
phase spectra with this sequence, two data sets must be recorded. These data sets are
acquired with the same phase cycle and differ only in the spacing between pulses. In one
data set, the time between the cross polarization pulse and the first 180° pulse is given by
(Nt /6 +¢€) while in the other data set it is given by (Nt /6 -¢€) . In both cases, the
value of € is incremented from slice to slice by one-sixth of the t;-dimension dwell time.
A linear combination of the data sets gives the amplitude-modulated sine and cosine data
sets, which can then be processed in the usual way.

An experiment that uses hyf)ercomplex data acquisition will be less sensitive (by a
factor of +/2) than one that uses whole-echo acquisition since twice as many data points
must be acquired to obtain pure-phase spectra. However, it is not necessary to wait
several rotor periods for the formation of an echo. The experiment of Hu et al. is also a _

constant time experiment!3® and is subject to a more stringent condition (t; < N7,) than that

of Gann et al.!”® Figure 5.8 shows a spectrum acquired with N=4.
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Figure 5.8 - Isotropic/anisotropic correlation spectrum of low albite. acquired using the
pulse sequence of Figure 5.7. The dwell time in the t; dimension was 300 s while that in
the t, dimension was 100 ps. -Fifty-seven hypercomplex t; points (with 512 scans in each)
and 512 t, points were acquired, but the data was zero filled to form a 128 x 512 data set.
The total experimental time was 82 hours. The spinning speed was 470 Hz and 295i 180°
pulse length was 28 ps. The experiment was performed with N=4.

5.3.4 TOSS-reTOSS

MAT is not the only way to obtain isotropic-anisotropic correlation spectra of
spinning samples. Another method!”™ makes use of a technique known as TOtal
Suppression of Sidebands (TOSS).!¥'187 Like the versions of MAT which use 180° ptilses,
TOSS exploits the fact that 180° pulses can genérate echoes of spin components while
sample spinﬁing generates rotational echoes.

By cleverly positioning the 180" pulses, one can allow the spin echoes and their
corresponding rotational echo manifolds to interfere-in such a way that the anisotropic
contributions to the FID cancel out, and the isotropic contributions (the centerbands of the
frequency spectrum) add constructively over the powder. 82 ‘Unlike in the case of MAT,
this .cons_tructive intefference is not a true echo, and the magnetization vectors themselves
are not aligned at that point. Consequently, rotational echoes will not be formed.'¢>!88
The conditions for sideband suppression can be determined by lobking at the total phase

evolution?® as was done in the MAT case
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a+b+c a+b+c+d

where the 180° pulses change the sign of the phase. The goal is to find a set of pulse_
spacings {a, b, ¢, d, e} that causes the anisotropies to cancel out for all crystallites. In
addition, the spacings are chosen so that at the end of the fifth interval, the isotropic echo
is also refocused. Beginning acquisition at that point permits an FID that corresponds to a
sideband-free spectrum to be recorded. Many possible sets of pulse spacings have been
given in the literature;'82'18° one set of values is listed in the capiion of Figure 5.9.

The trajectories of the crystallites can be refocused by applying the TOSS
sequence in reverse. Kolbert et al.'®® showed that by inserting an t; evolution period
between a TOSS sequence and a reversed TOSS sequence, an isotropic-anisotroi)ic
correlation spectrum can be recorded. This sequence is known as TOSS-reversedTOSS
(TOSS-reTOSS or TOSS-“deTOSS”) and is shown in Figure 5.9a.

Like the versions of MAT that use 180° pulses, the TOSS-reTOSS experiment can
only be used on samples with T,’s that are longer than several rotor periods, and all three
experiments are susceptible to artifacts from imperfect 180° pulses. The TOSS-reTOSS is
not a constant time experiment which means there is no restriction on t;. This does not
prove to be much of an advantage compared to the pulse sequence of Figure 5.7 since the
TOSS and reTOSS steps themselves have a combined duration of 4.51, before the first t; |
point is even taken. A disadvantage of the TOSS-reTOSS experiment is the fact that it
produces phase-twist lineshapes!®! (see Figure 5.10). This can be remedied by performing
an experiment with whole-echo acquisition as shown in Figure 5.11. Another potential
problem with TOSS-reTOSS is the question of the centerband intensity which is distorted
in the TOSS experiment.'® The reverse TOSS part of the sequence is predicted to undo

this distortion, however.!”! In fitting the TOSS-reTOSS experiments performed with a
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Figure 5.9 - (a) Original TOSS-reTOSS sequence]69 for isotropic-anisotropic correlation
spectroscopy. No phase cycling was applied to the 180° pulses since phase-cycling does
not affect the efficiency of TOSS.!% (b) TOSS-reTOSS combined with whole-echo
acquisition for obtaining pure-phase spectra. The 180° pulses are cycled in steps of four to
retain only the p=-1 coherence.The timings in both sequences are given by: a=0.122671,
b=0.07731, ¢=0.22361, d=1.04331, and e=0.7744t,. The echo delay must satisfy the
condition A=a+nt, where n is an integer.

-90 1 oe@dﬂ gf“ﬁoo .

E ool
%-100- o|v°-
= @J#NM‘W‘“"

l

.50 -75 -100 -125 -150

T T T T T T Ty

65 -90 -115 -140
[ppm]

Figure 5.10 - Isotropic/anisotropic correlation spectrum of low albite acquired using the
pulse sequence of Figure 5.9a. The dwell time in the t; dimension was 300 pis while that
in the t; dimension was 100 pus. Sixty-one hypercomplex t; points (with 512 scans in
each) and 512 t, points were acquired, but the data was zero filled to form a 128 x 512 data

set. The total experimental time was 88 hours. The spinning speed was 470 Hz and g
180° pulse length was 34 ps.
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spinning speed of 680 Hz (see Tables 5.1, 5.2, and 5.3), the centerband intensity was
excluded from the fits. It was included in the fits of the data acquired with a spinning

speed of 470 Hz. No systematic effect was observed.
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Figure 5.11 - Isotropic/anisotropic correlation spectrum of low albite acquired using the
pulse sequence of Figure 5.9b. The dwell time in the t; dimension was 300 [s while that
in the t, dimension was 100 ps. Sixty-four t, points (with 512 scans) and 1024 t, points
were acquired, but the data was zero filled to form a 128 x 512 data set. The total
experimental time was 46 hours. The spinning speed was 470 Hz and 295i 180° pulse
length was 34 ps. The time allowed for echo formation was 5t,=10.6 ms.

5.4 Application of Isotropic-Anisotropic Correlation Methods to Low
Albite

The isotropic-anisotropic correlation spectra presented in Fiéures 5.6, 5.8, 5.10,
and 5.11 were recorded under similar experimental conditions. All used a spinning speed
of 470 Hz (controlled with a home-built spinning speed controller), a dwell time in the t,
dimension of 300 ps, 2”Al excitation field strengths of 4.5-6 kHz, s 180° pulse field
strengths of 2.4-2.8 kHz, and a recycle delay of 5 s between scans. Other parameters are
listed in the figure captions. The signal-to-noise- was calibrated by recording one-
dimensional spectra before and after each two-dimensional experiment; to within
experimental error, the intrinsic signal-to-noise ratio was constant in all experiments.
Variations in the quality of the two-dimensional spectra are due to different methods of
data acquisition, different numbers of t; points recorded, and pulse-sequence-dependent
artifacts as discussed in Section 5.3. All data were apodized with exponential line

broadenings of 100 Hz in the anisotropic dimension and 50 Hz in the isotropic dimension.
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The t; dimension was zero-filled to 128 points in all cases. The number of t; points was
512 for all experiments except the TOSS-reTOSS experiment with whole echo acquisition
where 1024 points weré used. The contours levels in all four figures range from 10 to
100% in steps of 10%. The spectra were referenced to an external standard of TMS.

The cross-polarization conditions were optimized experimentally. At
./ (2m) = 470 Hz, the best 27A1 spin lock ‘(in the sudden regime) occurred at a field
strength of 1070 Hz. The 295i spin lock field strength was matched to it empirically, and
optirﬁum contact times were found to be 8 ms. |

The principal values of the CSA were extracted by performing Herzfeld-Berger*
fits. Spectra acquired with a s;ﬁnning speed of 680 Hz (data not shown) were fit using the
program Speedyfit® provided by Dr. H. J. M. de Groot. Tﬁe program used Herzfeld-
Berger lookup tables to simulate spinning sideband manifolds and can fit spectra with

overlapping sites provided they have eight or fewer sidebands. Figure 5.12 shows an

Experimental

Simulated

Difference
| ] 1 1 ] 1 1 1 | .T 1
-60 -80 -100 -120 -140

Figure 5.12 - Typical results of the Speedyfit®® program for determining principal values
of the CSA tensor from MAS spectra. The experimental spectrum corresponds to the -
91.8 ppm site as recorded using the pulse sequence of Figure 5.7 with a spinning speed of
680 Hz. The results are listed in the fourth row of Table 5.1.
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example of a typical fit from this program. Spectra acquired with a spinning speed of 470
Hz had more sidebands and were fit using a program that utilized Floquet theory and was

written with GAMMA'* by Dr. Matthias Ernst.

SCS
(ppm]
Figure 5.5 | 470 Hz -61£3 -88£3 -126£3 | 0.8%0.1 -35+4
Figure 5.5 | 680 Hz -60+7 -886 -127+8 | 08103 -36t8
Figure 5.7 | 470 Hz -62+2 -89+1 -125+3 | 0.8%0.1 -33+3
Figure 5.7 | 680 Hz -64£4 -90+3 -122+4 | 09£0.2 305
Figure 5.9a | 470 Hz 5417 -89+3 -132+9 | 0903 -40+9
Figure 5.9a | 680 Hz -60t 4 -88£3 -127+4 | 0.810.2 -35+4
Figure 5.9b | 470 Hz -62+1 -86t6 -127x7 | 0.7£0.2 3517

average N/A -60£3 -88t 1 -127+3 | 0.8£0.1 -35+3

pulse 021 on 622 033 nCs
sequence (ppm] [ppm] [ppm]

Table 5.1 - Principal values of the 298i T2m site (-91.8 ppm) in low albite as determined. by various
isotropic-anisotropic correlation techniques using 27 A1-t0-2Si CP. The error bars represent the accuracy of
the fit and not the inherent accuracy of the pulse sequence. The unweighted average and standard deviation
of all experiments is given in the last row.

5CS
[ppm]
Figure 5.5 | 470Hz | -77+3 94+3 | -118+3 | 08+02 | -22%4
Figure 5.5 | 680Hz | -73+7 -93%5 | -123%+7 | 07£03 | 2717

pulse w27 o1 G22 033 nCs
sequence {ppm] [ppm] (ppm]

Figure 5.7 | 470Hz | -76+2 | -95+1 | -118+2 | 09+02 | -21+3

Figure 5.7 | 680 Hz -7412 93+ 1 -121+22 | 0.8%0.1 252

Figure 5.9a | 470 Hz -75+3 -94+3 -119+3 | 09102 2314

Figure 5.9a | 680 Hz -72+4 -93+3 -123+4 | 0.8%+0.2 274

Figure 5.9b | 470 Hz 761 94+ 1 -118 £ 1 0.8+0.1 22+ 1

average | N/A 7152 -94 + 1 -120£2 | 0.8%0.1 222

Table 5.2 - Principal values of the 29Si T20 site (-96.1 pm) in low albite as determined by various
isotropic-anisotropic correlation techniques using 27Al-t0-2’Si CP. The unweighted average and standard
deviation of all experiments is given in the last row
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8CS

pUISe '(!) r/(zn) o G22 O33 CS
[ppm]

sequence [ppm] (ppml | [ppm] n
Figure 5.5 | 470 Hz -85%+3 -100£3 -127+3 | 0.6+£0.2 -23+4
Figure 5.5 | 680 Hz -80%5 985 -134t6 | 06+03 -30t6

- Figure 5.7 | 470 Hz -85+2 -100+1 | -127x2 | 0.7£0.1 -23+3
Figure 57 | 680Hz | -82+2 '-9‘9i2 -131+2 | 0610.1 2712
Figure 5.9a | 470 Hz -83+3 -101 £3 -128+4 | 0.8+0.2 24 %5
Figure 5.9a | 680 Hz -81x3 -99+3 -133+£3 | 0602 293
Figure 5.9b | 470 Hz -83t1 -100t 1 -128 + 1 0.7x0.1 24+1
average N/A -83+2 -100£1 | -130+3 | 0.7£0.1 -26+3

Table 5.3 - Principal values of the 28i TIm site (-103.9 ppm) in low albite as determined by various
isotropic-anisotropic correlation techniques using 27Al-t0-2%Si CP. The unweighted average and standard
- deviation of all experiments is given in the last row.

The results of fits from all four experiments are listed in Tables 5.1, 5.2, and 5.3.
Summations over several ®; slices were used to produce anisotropic spectra for fitting
except in the case of the poorly phased TOSS-reTOSS spectra where only one slice was
used. To within experimental error, all four pulse sequences give similar results for low
albite. The error bars reflect the quality of the fits and not the intrinsic accuracy of the
experiment. Due to the small number of experirhents performed and the absence of an
independent and accurate way to directly measure thé 293i CSA parameters in low albite,
no general conclusions about the reliability of the pulse sequences could be drawn.

Correlations between anisotropic chemical-shift parameters and number of
bridging oxygens have been reported for QP(OAI) sites,!¥>1% but the influence of 2’Al on
the 2%Si anisotropy parameters is not currently understood. To date, few such compounds
have been measured, and ab initio calculations on sillicates are in their infancy.!** Cross
polarization from quadrupolar nuclei to g may enable CSA parameters to be determined

for a variety of silicates, providing a database for empirical correlations.
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5.5 Experiments on Low Microcline

Principal values of the chemical-shielding anisotropy have also been determined
for the mineral low microcline (KAISi;Og) by performing isotropic-anisotropic
correlation experiments which utilized 27 Al-to-2%Si cross polarization. Low microcline
has the same framework structure as low albite (see Figure 3.1) and analogous peak
assignments.!'” Cross-polarization experimental parameters (e.g. - optimum power levels
and contact times) for the isotropic-anisotropic correlation experiments were similar to
those of low albite (see Section 5.4), and as in the case of albite, the cross-polarized signal
for the Q4(2Al) site (at -94.0 ppm) was consistently less intense than that of one of the
Q4( 1Al) sites (at -99.5 ppm) for a range of spinning speeds. (The other Q4( 1Al) site could
not be used for comparison since the peak contained contributions from albite present in

the sample.)

Isotropic Dimension [ppm]

-50 -100 -150

Anisotropic Dimension [ppm fromTMS]

Figure 5.13 - Isotropic and anisotropic spectra of 29Si in low microcline recorded using
the pulse sequence of Figure 5.9b with 27Al-t0-Si cross polarization. The spinning
speed was 500 Hz, and the 2°Si 180° pulse length was 58 pis. Sixty-three t; slices were
recorded with 512 scans in each and a recycle delay of 5 s. The delay for formation of the
echo was five rotor periods.
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Figure 5.13 shows the isotropic projection and several anisotropic slices from a
TOSS-reTOSS experiment (whole-echo version) performed on low microcline. Due to
the domains of low albite nearly always found in natural samples of low microcline,' the
isotropic 25 spectrum has many closely spaced peaks. The principal values of the

chemical-shielding tensors could not have been determined from a one-dimensional MAS

experiment. However, they are easily determined from the two-dimensional spectrum and

are summarized in Table 5.4.

Isgtlll-i(;'ltnc w/(2r) ‘0'11 022 033 [ppm] nCS 8¢5
[ppm] [ppm] {ppm] [ppm]
940 | S00Hz | 62+7 | -92+2 | -128%6 | 09+03 | -34%6
940 | 680Hz | -63%8 | 92411 | -127£9 | 09+07 | -34%9
964 | S00Hz | .774+3* | 94+1% | -118+2° | 0.820.1* | -22+2°
964 | 680Hz | 73497 | 02411 | -125+10° | 0.7£0.72 | -28 % 107
995 | S00Hz | -79+6 | -96+5 | -123+6 | 07404 | -24%7
995 | 680Hz | -15+6 | 9248 | -132%6 | 05+04 | 3247

Tabie 5.4 - Principle values of g chemical-shielding tensors in low microcline as determined® from fits of
anisotropic slices recorded with the pulse sequence of Figure 5.9b. The corresponding experimental data are
presented in Figure 5.13.

a. Since our sample of low microcline, like almost all samples found in nature, ' contains
domains of nearly pure albite, the peak at -96.4 ppm is actually due to an overlap of albite and
microcline resonances.

b. These values differ from those published by De Paul et al.!?® due to an error in the original cal-
culation.

5.6 Validity of Using Cross Polarization from Quadrupolar Nuclei

One potential concern when using cross polarization from quadrupolar nuclei to
determine chemical-shielding anisotropy powder patterns "is whether the cross-
polarization process significantly distorts such patterns. For spin-1 nuclei such as 19N, the
cross-polarization match condition has been shown to be highly dependent on the
orientation of the quadrupolar nucleus.!”” While sirﬁilar studies have not been performed
for cross pb]arization from odd-half-integer quadrupolar nuclei, the shape of the 2Na

central transition powder pattern after a spin lock'*® has been shown to be distorted in
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some cases due to different effective adiabaticity parameters for individual crystallites.
The general trend for o<1 is that the low-frequency side of the powder pattern loses
intensity. Even when only spin-1/2 nuclei are involved in cross polarization, distorted
powder patterns have been observed and attributed to Hartmann-Hahn mismatch and to
anisotropic cross-polarization and relaxation rates.!63 »
Although we have optimized the spin-lock efficiency so that as many crystallites
as possible are available for cross polarization and performed the experiments at the
Hartmann-Hahn match, distortions could still have conceivably occurred.  To test this,
we have recorded slow-spinning, 29S; direct-excitation spectra of low albite at several
different spinning speeds. Figure 5.14 shows one such spectrum along with a simulation
based on the parameters from the fourth row of Tables 5.1, '5.2, and 5.3. A Herzfeld-
Berger spinning sideband analysis was performed on a different spectrum (not shown)

recorded at a spinning speed of 1065 Hz. Due to baseline distortions, the quality of this

a)

l I | I I I [ I I I
-5 36 -5 76 95 -116 -135 -155 -175 -195

[ppm from TMS]

Figure 5.14 - (a) 2%Si NMR spectrum of low albite recorded at 11.7 T with a spinning
speed of 575 Hz. Twenty-four scans were acquired with a recycle delay of 2000 s. (b)
Simulated 2%Si spectrum based on the parameters of the fourth row in Tables 5.1, 5.2, and
5.3. Gaussian lines with widths of 135 Hz were used to simulate the sidebands.
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spectrum was not high, but the three sites could be partially resolved in several of the

sidebands. The results of the analysis are summarized in Table 5.5. At first glance, the

Sﬁ(f)t"[;gi;] oulppml | o [ppml | o3 [ppm] | 1€ | §CS [ppm]
919+ 01 | 617 | 84+7 | -130+8 |06+03| -39£8
96.1% 01 | 75t4 | 935 | -120£4 |08%04| -24%4
1038+ 0.1 | -89+5 | -92+10 | -131+6 |01+05| -27£6

Table 5.5 - Chemical shielding parameters derived from a Herzfeld-Berger analysis of a 2°Si direct-
excitation MAS spectrum of low albite (spinning speed = 1065 Hz). :

agreement between these parameters and the previously measured ones (see Tables 5.1,
5.2, and 5.3) does not look very good. However, the error bars for the direct-excitation
spectrum are quite substantial due to the severe peak overlap, and except for the value of
nCS for the T1m site, the results from the cross-polarization experiments all.fall within the
error bars of the values listed in Table 5.5. While this does not rule dut the possibility of

distortions, it is encouraging that the two data sets are not inconsistent.

5.7 REDOR Experiments -

' Another example of a potential application of cross polarization from quadrupolar
nuclei is in heteronuclear experiments between spin-1/2 and quadrupolar nuclei. As
mentioned in Section 1.2.4, the strength of the dipofar coupﬁng between two spins IS
inversely proportional to the cube of the distance between them. Thus, in systems which
effectively contain isolated spin pairs, a measurement of the dipolar-coupling constant
translates into a direct determination of the internuclear distance.} The Spin-Echo DOuble
Resonance (SEDOR)® technique is the simplest method for measuring internuclear
distances between a pﬁir of unlike nuclei. In the SEDOR experiment, a 90" pulse
generates transverse magnetization on the I spins in a static sample. Application of a 180°
pulse at a time 7 later, will reverse the effects of the heteronuclear dipolar couplings, field
inhomogeneities, and the chemical-shift interactions so that they rephase, leading to the

formation of an echo at the time 2t. However, if 180° pulses are applied to the I and S

spins simultaneously, the heteronuclear dipolar coupling continues to dephase during the
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second half of the experiment. Taking the difference between the spectra with and without
the 180° pulse on the S spins gives a residual signal that is due to the heteronuclear dipola;
interaction.

In many cases, the high resolution associated with magic-angle spinning is
desirable,‘ thus a technique has been developed by Gullion et al.'*®!%® to measuring
heteronuclear distances in rotating samples. This technique is known as Rotational-Echo
DOuble Resonance (REDOR). Conceptually, it is similar to SEDOR, but since sample
spiﬁning itself averages out the weak heteronuclear interactions, a series of rotor-
synchronized 180° pulses is required to produce the appropriate dephasing and rephasing
behavior.

In the most common version of REDOR, ® two experiments are performed. In
one, a rotor-synchronized Hahn-echo is applied to the spin species which will be detected,
and series of 180° pulses is applied to the other channel every half a rotor period except
when the 180° pulse is applied in the first channel. This sequence will refocus all
interactions except for the heteronuclear dipolar interaction. The phase accumulation for a
given crystallite can be calculated (in an analogous manner to that of Section 5.3.1 with
the relevant interaction now being the heteronuclear dipolar interaction), and from this,
the FID of a powder sample can be determined.?® In the other experiment, the 180° pulse
on the detected channel is left out, and both dipolar and CSA interactions will be
refocused. Taking the difference between the two FIDs and normalizing gives a measure
of the heteronuclear dipolar coupling, which can be expressed in an analytical form using

Bessel functions?!

A5 1o pfandt))’ +2 py i 3, (J2nd)1° (5.15)
So Lo116k -1 -

where d is the dipolar coupling constant and n is the total number of rotor periods over
which the experiment is performed.
Figure 5.15 shows a variation of the REDOR experiment suitable for use with

27A1-t0-2°Si CP. The train of 180° pulses was applied to the detected spins based an

experiment which was designed to minimize resonance offsets.22 Although offset effects
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were not a major concern in our case, this approach meant that only one 180° pulse needed
to be applied in the 2’ Al channel. This differs from other sequences which used REDOR
to measure distances between quadrupolar and spin-1/2 nuclei. 134

An important aspect of the pulse sequence of Figure 5.15 is the fact that the 29Si
magnetization is generated by cross polarization from 27Al. This does more than just
‘enhance the senéitivity of the 2%Si signal. If a 90° pulse were directly applied to the g
instead, the REDOR curve would have to be modified to account for that fact that some
29Si nuclei would be dipolar-coupled to 27Al nuclei that were not in central-transition
statés. . A selective 180° pulse on the 27A1 would only inﬂﬁence those that were in the

central transition, leading to a decreased maximum of the AS/S, curve.?® By using cross

27AI ¢1 ¢2 _¢3 ¢4

298

¢;; 0202 0202
0pr 1111 1111
05 2020 2020
¢4 0000 0000
05 3322 1100

0g: 0000 0000
0, 1111 1111

¢0g:. 0000 0000
0 - 1111 1111
9g: 0231 2013

Figure 5.15 - A version of the REDOR experiment which can be used with cross
polarization from quadrupolar nuclei. The bracketed parts of the sequence can be
repeated, allowing the experiment to be performed over n=6+4N cycles where N=0,1,2,
etc. XY-4 or XY-8 phase cycling is used for the bracketed pulses.22 The 27Al spins are
used as a magnetization source, and a flipback pulse?® restores their magnetization to
along the z-axis. Two data sets are recorded: one with and one without the ‘180° pulse on
the aluminum.
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polarization in the sudden regime (where the eigenstates of the 27Al do not change), one
pre-selects only those 295i sites which are coupled to central-transition 2’Al states. The
REDOR experiment can then bé treated, to é good approximation, as one between two
spin-1/2 nuclei. | | '

Note that the recently developed Rotational-Echo Adiabatic-Passage DOuble '
Resonance (REAPDOR)?%52% experiment takes the opposite approach and attempts to
observe the dipolar dephasing from all of the quadrupolar states. This is accomplished by
using the interplay between an applied rf field and sample spinning in the adiabatic regime
(see Section 3.2). In place of the 180° pulse on the quadrupolar channel in a REDOR
experiment, REAPDOR uses intense rf irradiation to alter the quantum states of the
quadrupolar nuclei, preventing dipolar refocusing by the pulses on the spin-1/2 channel.
A predicted difference signal with two adjustable parameters (the dipolar-coupling
constant and the fraction of spins which undergo the adiabatic passage) can then be

calculated and compared with experiments.

1
0.8
AS
== 06
So
0.4}
0.2
0

0 5 10 15 20 25 30
rotor cycles

Figure 5.16 - 27AL°Si REDOR of the T20 site in low albite. The x’s represent
experimental data points (from two sets of experiments) acquired using the pulse sequence
of Figure 5.15, with a spinning speed of 2.2 kHz, a 27A1 180" pulse length of 33 pis, and a
g 180° pulse length of 52 ps. Due to T, relaxation, the experiment could not be
performed over more than 30 rotor cycles. The solid curve represents a simulation of the
REDOR signal obtained using Equation (5.15) (truncated at k=10) with d=210 Hz.
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Figure 5.16 shows the results of REDOR applied to the T20 site in-low albite
using 27Al-t0-2°Si CP. To a good approximation, this 29Si site should see only one
“aluminum (with a coupling constant of 210 Hz). Although the first experimental data
point falls along the predicted curve, subsequent points due not. However, the theory of
REDOR was developed assuming that the 180° pulses were ideal (i.e. - of negligible
length). Each 180° pulse in our exlperiment was 11% of the lengfh of the rotor cycle; this
was the minimum pulse length achievable with a 100 W amplifier on our large coil probe.
Ignoring the effects of dipolar coupling during the pulse is probably not valid in this case,
and either the theory or experiment should be adjusted accordingly.

Other researchers have also used REDOR with quadrupolar nuclei. In many cases,
the results were not quantitative, but this is to be expected because the approkimation of
isolated spin pairs was not valid.!?713143:203:207 [ cases where there were effectively

-isolated spin pairs,2*20%® reasonable values for the dipolar-coupling constants were
extracted (though no independent X-ray confirmation was possible), but only points at the

" beginning of the REDOR curve (before AS/S; reached a value of 0.5) were examined.
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Chapter 6: High-Resolution Heteronuclear Correlation
between Quadrupolar and Spin-1/2 Nuclei
using Multiple-Quantum Magic-Angle
Spinning

In Chapters 3 and 4, the issues involved in cross polarization from quadrupolar
nuclei were discussed, and in Chapter 5 several applications were demonstrated. In all of
those applications, however, the quadrupolar nucleus was not directly observed. In this
chapter, recent advances in the high-resolution spectroscopy of quadrupolar nuclei will be
reviewed. Then a new technique that combines cross polarization from quadrupolar
nuclei with the Multiple-Quantum Magic-Angle Spinning technique will be introduced.
This new technique is capable of producing high-resolution heteronuclear correlation

spectra in which one of the dimensions is from a half-integer quadrupolar nucleus.

6.1 Methods for Obtaining High-Resolution Spectra of Quadrupolar
Nuclei ' '

Although magic-angle spinning leads to high-resolution spectra for spin-1/2
nuclei, it fails to fully remove the second-order quadrupolar anisotropy. Consequently,
MAS spectra of half-integer quadrupolar nuclei generally contain broad asymmetric peaks
(see Section 1.4). The shapes of such peaks contain structural information (via the 1 and
Cqec pararrieters), but when multiple sites are present in a sample, the resolution is
frequently poor. Fortunately, several techniques have been developed to produce high-
resolution spectra of quadrupolar nuclei.

In Section 1.2.5 it was shown that the (+m <> -m) transitions of a quadrupolar
nucleus are unaffected to first order by the quadrupolar Hamiltonian. When second-order
perturbation theory is applied, the frequencies of these transitions are affected in an
orientation-dependent manner. For a sample spun at an angle 6 with respect to the static
field, the (+m <> -m) transition frequency of an individual crystallite is given by (see

Equation (1.114))
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C
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o?Q  _ Zace {A,Cy(S,m) + Az(aQ,BQ)Cz(S, )P, (cosB) (6.1)

+m ©-m mL

+ A, @%BHC,(Sm)P, (cos6) }

in the fast-spinning limit where o and BQ are the Euler angles that define the orientation
of the crystallite with respect to the axis of rotation; P, and P4 are Legendre polynomials;
S is the spin-quantum number of the quadrupdlar nucleus; and the {Cn(é,m)} are scaling
coefficients that depend on which (+m < -m) coherence is excited. To obtain narrow
resonances from quadrupolar nuclei in powder samples, the second and third terms on the
right-hand side of Equation (6.1) must be made to vanish for all values of aQ and BQ. This
can be accomplished either by manipulation of the physical space (using sample

reorientation) or by manipulation of the spin space (using rf pulses).

6.1.1 DOuble Rotation (DOR)

The technique of DOuble Rotation (DOR) eliminates the second-order
quadrupolar anisotropy of the central transition by spinning the sample about two axes
simultaneously. One axis is at ah angle of 54.74° (the magic angle) with respect to the B
field, and the second axis is at 30.56° with respect to the magic-angle axis. Figure 6.1
shows a schematic of the rotor orientations in a DOR probe. Technical details of the probe
design and other experimental considerations can be found in the'Ph.D. thesis of K. T.

* Mueller' while theoretical aspects are discussed in the thesis of B. Sun.2*®

Figure 6.1 - Schematic of DOuble Rotation (DOR). An external rotor rotates at the magic
angle while an internal rotor simultaneously spins at an angle of 30.56° relative to the
external rotor.
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To understand how DOR works, it is necessary to extend Equation (6.1) to the case
of simultaneous rotation about two axes. This can be done by using an additional Wigner

rotation matrix in a generalization of Equation (1.108)

1
< (6.2)

Rl,m = Z
n

1
¢)] )
Z Dn, m(('orlt + q)rl’ e1’ O)Dm”, n((oth + ¢r2’ 62’ O)
-1 m’ =-1 :

-1 -

I

m” =
xDO) (o, B, V)p

m’, m”\7 P I, m”

Substituting Equation (6.2) into Equations (1.100) and (1.113) gives for m=1/2 and rapid

spinning!?
2
(2Q) _ “qec 1 Q,Q 1
co*%H_% = o, {A, CO(S,§)+A2(0L B )C2(S,§)P2(cos61)P2(c0592) ©3)

+A 4(ocQ,BQ)C4(S,%)P4(cose1)P4(cos€)2) }.

As in the single-axis case, th¢ derivation is lengthy and is described elsewhere.!02%
However, the functionai form of Equation (6.3) is quite similar to the single-axis case; the
only difference is that the terms P|(cos®) are replaced by products P (cos8,)P,(cos6,).
The same substitution will also be made for Legendre polynomials appearing in other
frequency expressions (e.g. - the chemical-shielding and dipolar anisotropies).

It is now clear how to eliminate the quadrupolar anisotropy by DOR. All that must
be done is to choose 6; and 0, such that one angle is a zero of the second-order Legendre
polynomial (the magic angle) and the other is a zero of the fourth-order Legendre
polynomial (either 30.56° or 70.12°). Then all the anisotropic terms will disappear
simultaneously. For technical reasons (such as filling factor and sensitivity) the
combination of angles shown in Figure 6.1 is most suitable for DOR experiments.2!°

In addition to eliminating the second-order quadrupolar broadening, DOR can, in
principle, also average out the dipolar couplings and the chemical-shielding anisotropy
since one of the rotors is spun at the magic angle. In practice, however, averaging of any
of these anisotropies by DOR is incomplete since the outer rotor can only be spun at slow

speeds (about 1 kHz). Thus, DOR spectra typically show a multitude of sidebands,?!!
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which can make it difficult to identify the isotropic peaks from examination of a single
spectrum. A comparison of DOR spectra recorded at different speeds, however, permits
one to distinguish isotropic peaks from sidebands since the isotropic peaks will not shift:
their positions as a function of spinning speed.

SincevDOR at least partially averages out dipolar couplings, it works well for
highly abundant quadrupolar nuclei. It also works well for samples with short T; times (in
contrast to DAS) because the averaging process is continuous. That same continuity is
also a disadvantage, however, because it essentially limits DOR to being a one-
dimensional technique. —Methods which average out the quadrupolar interaction

. sequentially are inherently more versatile since they permit a two-dimensional correlation
of the completely averaged (isotropic) quadrupolar spectrum with an incompletely

averaged (anisotropic) quadrupolar spectrum. Two such methods will be discussed below.

6.1.2 Dynamic-Angle Spinning (DAS)

Dynamic-Angle Spinning (DAS) also involves spatial manipulation of the sample
to eliminate the quadrupolar anisotropy of the central transition. A schematic of a basic
DAS experiment is shown in Figure 6.2. Many variants of this sequence exist and are
discussed extensively elsewhere.!! In this section, we will not be concerned with the
modes of data acquisition but will just illustrate the principle behind the experiment.
Some of these data-acquisition issues are relevant for MQMAS, however, and will be
discussed in Section 6.1.3. |

In the DAS experiment, the sample is spun about an axis oriented at 0, degrees
with respect to the static field and magnetization evolves for a time ¢,/ (k+1) . A 90°
pulse stores one compohent of the evo]ving magnetization along thé z-axis while the axis
of sample rotation is quickly reoriented to the angle 6,. Another 90° pulse returns the
magnetization to the transverse plane, and the magnetization now evolves at the second
angle for a time kt,/ (k + 1) . The angles of the two axes and the amount of time spent at
each angle are chosén such that the anisotropic quadrupolar evolution of the central
transition at the first angle is cancelled out by the evolution at the second angle, leading to
the formation of an isotropic echo. Mathematically, these can be derived as follows. The

signal at the time t; can be calculated from Equation (6.1)
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(2Q)

‘ZQ’,( 8) o * @8

»H k+1
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C 1
= (;f {A, co(s,i) -t

(6.4)

+A2(a,B)C2(S,1)[P (cosO)) +kP2(c0562) ]

+A4(a5)c (S, )[P (cos®,) +kP,(cos6,) ] - e

k+1

To cancel out the orientation-dependent terms Az(aQ,BQ) and A4(0LQ,BQ) in Equation

(6.4), the two angles of rotation and the time ratio k must be chosen such that

P, (cos6)) -k - P, (cos6,)
P,(cos0,) = -k P, (cosH,).

(6.5)

90° 90° 90°

t,/(k+1) B hop Kt /(k+1) t,
N AN A

T |
Figure 6.2 - Schematic of DAS experiment showing the timing of the rf pulses, the
reorientation of the rotor axis, and the anisotropic lineshapes at each angle.
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Then Equation (6.4) simplifies to

2
kt, C
2
20+ 0520y o = s A CoS ) b} 66
2

(2Q)

which is a purely isotropic frequency. The indir_ect (o) dimension of a DAS experiment

- will, therefore, show peaks at positions given by (in ppm)

DAS (CS) 106 C2 1
- N Zgece L
8iso =9, + @L o, {AO CO(S’Z).}
3
2 (3 [s S+1) - -] : |
- 8(CS) 106 chc{ ( ) 4 . (1 + 1’]_2)} (6.7)
B o o Uyt as-y? 3

_ SI(SCOS) 51(520Q)
The first term on the right-hand side of Equation (6.7) is the isotropic chemical shift. The -
second term on the right-hand side of Equation (6.7) is often called the second-order
isotropic quadrupolar shift. It can be extracted from DAS experiments or, with less
accuracy, from fits of quadrupolar powder lineshapes. Note that this shift is inversely
proportional to the Larmor frequency; DAS ;xperiments performed at different fields will,
therefore, have different isotropic shifts even when these shifts are expressed in ppm.
-Many combinations of 8y, 8,, and k satisfy Equations (6.5) and are plotted in Figure 6.3.
Note that the magic angle is not one of the possible solutions. For technical reasons
related to sideband positions, only two solutions aré practical for DAS experiments.!! One
is the set (8; = 37.38°, 8, = 79.19°, k = 1) and the other is the set (8; = 63.43°, 6, = 0.00°,
k = 5). The latter set is compelling because of the possibility of correlating isotropic
chemical shifts with full, static powder lineshapes (obtained by spinning about 0.00°), but
specialized probe desi gns; which are not currently commercially available, are required to
irradiate samples at 0.00°.
Although the P,(cos6) contribution to the quadrupolar anisotropy is refocused in
the ®; dimension of a DAS exper'iment. (see Equation (6.5)), the homonuclear dipolar

couplings, which also have a P,(cos8) spatial dependence, will not be refocused. This is
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due to the fact that the z-filter does not store all of the relevant spin operators for dipolar
coupling, prohibiting complete reversal of the dipolar Hamiltonian in the second half of
the experiment.!?> Thus, DAS will not work well for samples with strong dipolar
couplings. DAS also can only be performed on samples with T; relaxation times that
exceed the time it takes to reorient the sample (typically 30-50 ms). However, many
quadrupolar nuclei (such as 170) do have sufficiently long Tl;s to permit DAS
experiments to be performed.

An advantage of DAS over DOR is its inherent two-dimensional nature which
permits the correlation of a high-resolution isotropic spectrum with site-specific,
anisotropic powder patterns. From such powder patterns, quadrupolar parameters can be
determined. Figure 6.4 shows an 70O DAS spectrum of AlPO‘;-S acquired with k=5 and
sheared (see Section 1.5.2). Two oxygen sites are present in the sample, and their
quadrupolar parameters were extracted from lineshape simulations.

Many variations and extensions of the DAS experiment have been developed and

an in-depth discussion of most of them can be found in the thesis of J. H. Baltisberger."!

(0]
o

(o)}
o

e - - e - e e e e e e e e e e e e e e e e e o e e e - e - - -

Spinning Angle
NN
o

N
o

1 2 3 4 5
Time Constant k

Figure 6.3 - Angle pairs which are solutions to Equations (6.5). For each value of k
(which is the ratio of the time spent at 8, to the time spent at 8,), the corresponding values
of 8, and 63 can be read off. Note that the magic angle (represented by a dotted line) is
not one of the solutions to Equations (6.5).
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Figure 6.4 - 17O DAS spectrum of AIPO4-5 showing the two sites and fits of the
anisotropic lineshapes for 8,=63.43".

6.1.3 Multlple-Quantum Maglc Angle Spinning (MQMAS)

While DOR and DAS use spatial manipulation of the sample to achieve hlgh- .
resolution spectra of quadrupolar nuclei, the Multiple-Quantum Magic-Angle Spinning
(MQMAS) technique achieves high resolution by manipulaiing the {C,(S,m)} terms of
Equation (6.1) while spinning bnly at the magic angle. Like DAS, MQMAS does its
averaging sequentially. First, a multiple-quantum coherence connecting the states +m;
and -m; is excited and allowed to evolve er,-a time period t,/ (k +1). This is then
converted to a single-quantum coherence between the +1/2 and -1/2 states. The single-
quantum coherence will evolve, ,and an isotropic echo will be generated at a time
kt,/ (k+ 1) after the conversion. o

Several different pulse schemes have been used for the excitation and conversion
of the coherences. The original experiment was pérformed using two selective 90° pulses
with a short delay (tens to hundreds of [s) between them for excitation. The first pulse
generated £1 quantum coherences and the second pulse converted them to multiple-

quantum coherences.? Excitation of a multiple-quantum coherence is also possible with a
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single long pulse.’*212 Although to first order weak rf-fields seleétively excite only the
central transition, higher-order treatments show that multiple-quantum coherences can
also be excited to a limited extent. This has been described theoretically for the case of a
single crystal.?*?!* For on-resonance irradiation with |0,/ Q"9 (1 , it can be shown

that the effective nutation frequency of an n-quantum transition is of the order?!41%

(0,5)"
1S (6.8)
(1Q,n-1
Q)
where Q'? is defined in Equation (3.5). Because this nutation frequency is small, very

long puise lengths are needed to generate appreciable amounts of multiple-quantum
coherence.?!*
Extension of the single-crystal treatment to a powder sample is not

Q“Q) , which means that

straightforward.’?! This is due to the orientation dependence of
different crystallites will nutate with different frequencies even in a static sample.

Furthermore, the above method of excitation only works for the case where ;g is
(2Q) '

significantly larger than @_ )

m for all values of m,?# and the scheme was predicted to
fail entirely for powder samples.'?!

Nonetheless, brute-force application of longer pulses has met with some success.
As expected, the excitation efficiency is highly dependent on crystallite orientation and
. quadrupolar parameters as well as rf-field strength and spinning speed.’*?!2 Optimal pulse
lengths and strengths will, therefore, differ from sample to sample. The only general
consensus that has been reached so far is that high values of the rf-field strength (hundreds
of kHz) are superior to low values®? although this does not preclude performing the
MQMAS experiment with modest field strengths (see Figure 6.6).

The conversion of the multiple-quantum coherence to the single-quantum
coherence is even less efficient than the excitation.?!? Fortunaté]y, even a highly
inefficient conversion step will not significantly distort the anisotropic central-transition
powder patterns recorded during t,, provided the spinning speed exceeds the width of

these patterns.*® The relative intensities of the different sites are distorted, however, and

the intensities in the isotropic dimension cannot be used for quantitative purposes. At the
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time of this writing, no MQMAS pulse sequence reliably produces quantitative spectra;
improvement of the excitation and conversion schemes is currently an active area of

research.

Figure 6.5 shows a schematic of the single-pulse excitation version of the
MQMAS experiment. As in the case of DAS, the conditions necessary to eliminate the
anisotropy can be easily determined. The signal at the time t; can be calculated from

Equation (6.1) as follows

kt
(2Q) 1 (2Q) 1
Om, 0-m O T+ O ® 1
2 | t
= S {C(S,m)+kC(S,—):|-—l—
] 4
+ A (0B [cz(s, m,) +KkC,(S, 5)} P,(c0s6) -
' 1 4o
+ Ay (LB) [c4(s, m,) +kC,(S, i)] P,(cos6) - =}
Excitation Conversion
Al .
Y — e K, j t, —»
1+ k "1+ k 2
-t —] - 1, >
+m,

-

Figure 6.5 - Schematic of MQMAS experiment. In this chapter, the time t; is defined, for
theoretical simplicity, as the time required for the formation of the isotropic echo.
However, pure-phase spectra cannot be obtained using the times (t;,t;) unless extra read
pulses are added.2”® In practice, it is easier to start the acquisition immediately after the
reconversion pulse (using the times t,’ and tz’), and then shear the resulting two-
dimensional spectrum as described in the text.
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To eliminate the anisotropy, the last two terms on the right-hand side of Equation (6.9)
must be set to zero. At the magic angle, P5(cos8) equals zero. To eliminate the remaining

term, the only condition that must be met is

C,(S,m) = k- CS, %). (6.10)
S m Co(S,m) C,(S,m) C4(S,m)
% 5_1- 3 24 54
% % 9 0 42
% % 8 64 144
% % 6 120 228
% % | 50 40 2300

Table 6.1 - Table of scaling coefficients used to describe the second-order quadrupolar frequency of a
+m e -m coherence (see Equation (6.1)*?). The values were calculated according to the formulas
Co(S,m) = 2m[S(S+1)-3m’], Cy(S,m) = 2m[8S(S+1)-12m’-3] and C,(S,m) =
2m[18S (S +1) -34m>-5] B3

Note that a similar type of experiment could be performed while spinning at one of the
zeros of the fourth-order Legendre polynomial (6=30.56" or 6=70.12°) and eliminating the

quadrupolar anisotropy by choosing k according to
1
Cy(S,m)) = -k C,(5, 5). (6.11)

This experiment is known as Multiple-Quantum Variable Angle Spinning and can be used
to extract chemical-shift parameters.2!¢ In this thesis, only the magic-angle version will be
discussed, and values of k will be chosen according to Equation (6.10). The values of
{C,(S,m)} for S=3/2 and S=5/2 are listed in Table 6.1; values for S>5/2 are tabulated

elsewhere 4243216 For an MQMAS experiment on a spin-3/2 system, only one value of k is
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possible (k=7/9). For higher‘valués of S, there is a choice of multiple-quantum coherences
and, therefore, more than one possible value of k. For instance, for a spin-5/2 system,
excitation of the triple-quantum coherence gives k=-19/12 while excitation of the five-
quantum coherence gives k=-25/12. |

The isotropic second-order quadrupolar frequency that results from the MQMAS

experiment is given (in ppm) by

2Q) t (2Q) kt,
m, ""’ml(e) k+1 + 0)’%”_%(9) k+1:
2 .
C - . 1 t
= OijO-[co(s, m)+kCo(S, 5| - o

()
(6.12)

k+1

A comparison of Equations (6.12) and (6.6) shows that the second-order isotropic
quadrupolar shift in the MQMAS experiment differs from that in a normal MAS or DAS
experiment. The isotropic chemical shift will also be scaled since the chemical shift of an
n-quantum coherence is n times that of a single-quantum coherence. For an MQMAS
. experiment, a weighted averagé)‘ of the two isotropic shifts can be calculated

v .

. (CS) (CS)
2m - 8iso ) m + 8iso )

kt,

vk (6.13)

From Equations (6.7), (6.12), and (6.13), the observed shifts in the MQMAS experiment

will, therefore, be given by

8MQMAS _ (2m1 + k

’ 1
) (CS) C()(S: m]) + kco(S, =)
iso k+1 /7

e 21850 619
(k+ 1) Cy(S, 5)
where Si(siQ) is the conventional “second-order quadrupolar shift” for the central
transition (see Equation (6.7)) and k is given by Equation (6.10).
Figure 6.6 shows 2Na 3Q/1Q MQMAS spectra of sodium pyrophosphate
(Na4P,0,) acquired using a single pulse for excitation and using hypercomplex shifted-
echo detection (see Section 1.5.2). Five-radian pulses with lengths of 15.6 us

(corresponding to ®;s/(2m) = 25.5 kHz) were used for both the excitation and
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reconversion. After a delay of 3.5 ms, a softer 180° pulse with a field strength of 15.6 kHz
was used to form an echo. The detection period (t,”) was begun immediately after this
pulse. The first pulse was cycled in steps of 60° to select the £3 coherence transfer
pathways and the third pulse was cycled in 45° increments. The data were processed by
constructing echo and anti-echo data sets according to Equations (1.129) and (1.130).5?
The top (unsheared) spectrum was obtained by directly Fourier transforming both
dimgnsions of both data sets (using Equation (1.140) where f = k/(1+k)), reversing
the ®,” dimension of the anti-echo data set, and summing the spectra. This leads to a

spectrum in which the multiple-quantum spectrum along ®,” is directly correlated with
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Figure 6.6 - 2Na MQMAS spectrum of sodium pyrophosphate (NayP,07). Both the
unsheared and sheared 2D spectra are shown as well as the isotropic dimension and
corresponding anisotropic powder patterns. Sixty hypercomplex pairs of t; slices with 96
scans in each were acquired with a 0.5 s recycle delay and a 30 ps dwell time. Asterisks
are used to denote spinning sidebands.
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the single-quantum MAS spectrum along ®,”. Because the anisotropic portions of each
dimension are related, sharp diagonal peaks result.*? Site-specific, quadrupolar-broadened
MAS lineshapes can be seen by taking skew projections along axes parallel to
o," = ko,

It is often more convenient, however, to view the spectrum with the ‘isotropic
dimension along one axis and the anisotropic dimension along the other as was done for
the chemical-shift interaction in Chapter 5. One way to accomplish this is by shearing the
spectrum (see Section.1.5.2). The lower spectrum in Figure 6.6 was obtained by Fourier
trfirlx(s(f?trrlning both data sets with‘ rcspic]:(to tf: ,tz, and then applying a phase correction of
e ' tothe echospectrumand e to the anti-echo spectrum. The rest of the
processing was the same as in the unsheared case. Because shearing effectively redefines
the time dimensions, the spectral width of the @, dimension in the sheared spectrum will
be a factor of (k+1) smaller than the ®,” dimension in the unsheared spectrum,
necessitating a“fescaling of this axis. Direct isotropic/anisotropic correlation spectra can
also be obtained by delaying the acquisition until the isotropic echo is formed?! although
additional pulses will be needed to obtain pure-phase spectra (see Section 1.5.2).

The MQMAS technique has been applied to inany samples in the two years since it
was developed. It has several advantages over previous methods. Since it is performed at
the magic angle, the dipolar couplings will be averaged out, and there is no restriction on
T, relaxation times. In addition, the experiment can be performed on conventional MAS
equipment. However, the efficiency of the multiple-quantum excitation and conversion is
strongly dependent on Cyc. which makes obtaining signals with quantitative intensities
difficult. Furthermore, excitation of high-order (n>3) multiple-quantum coherences in a
powder sample is difficult unless the quadrupolar coupling constants are small. A
discussion of the advantages and disadvantages of MQMAS relative to DAS is found in
the literature:6 |
| We were interested in seeing if the MQMAS experiment could be combined with
cross polarization (using conditions similar to those discussed in Chapter 4) to yield a new
technique for examining heteronuclear distances in solids. Before discussing our

technique, it is useful to review previous heteronuclear correlation experiments in solids.
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6.2 Heteronuclear Correlation and Quadrupolar Nuclei

6.2.1 MAS- and DAS-Based Techniques

HETeronuclear CORrelation .(HETCOR) experiments were first used in the
solution state to probe through-bond connectivities via J-couplings.*?'®* They were later
applied to solids under both static and MAS conditions.?!%220:221 n the solid-state cases,
the experiments rely on residual dipolar couplings. The connectivities that are measured
are therefore “through-space” rather than “through-bond,” and the results are inherently
qualitative.  Nonetheless, solid-state HETCOR experiments have provided useful
information about proximities of different chemical species in many systems. They have
been used to characterize surface-adsorbate interactions and to assign peaks in
complicated spectra.

The most basic version of the HETCOR experiment in solids is simply a two-
dimensional extension of cross polarization in which the pulse that generates the
transverse magnetization is separated from the Hartmann-Hahn matched pulses by a time
period t; which 'freqUency-Iabel-s the source spins (see Figure 6.7).22! The resulting two-
dimensional spectrum will then show cross peaks between sites in the MAS spectrum of
" the first nucleus and sites in the MAS spectrum of the second nucleus that are spatially
near enough for polarizaﬁon transfer to occur between them. More complicated pulse
sequences exist for cases in which homonuclear decoupling is necessary. In addition,
there are variants which utilize a TEDOR-type coherence transfer step in place of the

cross polarization.!3+207

d i e

Figure 6.7 - Basic pulse sequence for HETCOR experiment.
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Figure 6.8 - 27A1/%°Si MAS HETCOR spectrum of low albite. Both a two-dimensional
contour plot as well as individual slices along the ®, dimension are shown. For
comparison, the 1D MAS spectrum of 27Al is also shown. Note that the 27Al lineshape
correlated with the silicon site with two aluminum nearest neighbors is distorted.
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When the MAS spectrum of a quadrupolar nucleus is sufficiently well-resolved,
experiments which correlate the central transition of a quadrupolar nucleus with a spin-1/2
nucleus can also be performed.!314214320122  Figure 6.8 shows an 2’Al/2%Si MAS
HETCOR spectrum of low albite performed using 27A]-to-29$i CP with a linear amplitude
ramp on the 295 (see Fi gure 4.16). The proximity of the aluminum atoms to each type of
silicon site is evidenced by the presence of three cross peaks, although the peak intensities,
as in the one-dimensional CP case, are not quantitative.

If only one site of a given type is present, however, it is not necessary to perform a
two-dimensional experiment since the same qua]itétive information is obtainable from a
one-dimensional cross-polarization experiment. The ‘HETCOR experiment is most useful
for samples which have multiple sites, but spectra of quadmbolar nuclei are often not
well-resolved under MAS. To extend the applicability of heteronuclear-correlation
techniques to more samples containing quadrupolar nuclei, a high-resolution
heteronuclear correlation technique which combines Dynamic-Angle Spinning (DAS)

with cross polarization was developed by Jarvie et al.??3 (see Figure 6.9). In this

90° 90° 90° 90° 90°
4
2

23Na

hop %

Figure 6.9 - The DAS/HETCOR experiment of Jarvie et al.?2> The experiment requires

three rotor axis reorientations per scan (plus one between scans). A DAS experiment

removes the quadrupolar anisotropy during the evolution period. Cross polarization is

then performed at a rotor angle of 0° (where it is most efficient). The sample is

subsequently reoriented to the magic angle for high-resolution detection of the spin-1/2
. nucleus.
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experiment, the sample was first spun sequentially 'aboui the angles 79.19° and 37.38° with
respect to the BO field. The evolution times at the first and second angles were chosen
such that an isotropic echo was formed at the end of the t; evolution period (see Section
6.1.2). The magnetization was stored along By using a z-filter while the sample was
reoriented a second time to 0.00°. Cross polarization from the quadrupolar nucleus to the
spin-1/2 nucleus was carried out at this angle (where cross polarization from quadrupolar
nuclei is most efficient'"122). After a third reorientation (and z-filter on the spin-1/2
nucleus), the spin-1/2 signal was finally recorded at the magic angle. While this
experiment gives high resolution in both the quadrupolar and spin-1/2 dimensions, it
requires three rotor axis reorientations during each scan and, therefore, cannot be used to
study nuclei with short T,’s such as 27A1 or !B, 1t alsol cannot ‘be performed on
conventional equipment. The MQMAS-HETCOR experiment we developed circumvents

these problems.

6.2.2 MQMAS-HETCOR

The pulse sequence, coherence-transfer pathway, and phase cycle for the pure-
absorption mode MQMAS/HETCOR experiment is shown in Figure 6.10. As written, this
sequence can be used to correlate a spin-3/2 nucleus (such as 23Na) with a spin-1/2
nucleus (such as 3!P). The same principles can be applied to construct analogous pulse
sequences invoiving high_erl multiple-quantum coherences if ofher .odd-half integer
quadrupolar nuclei are to be studied. The sequence depicted in Figure 6.10 shows that the
MQMAS evolution period is divided into two parts as-described by Equation (6.12). A
single pulse is used for excitation of the triple-quantum coherence of the quadrupolar
nucleus and a second pulse converts the triple-quantum cohefence into single-quantum
coherence.?'#22* At the end of the evolution period (wheh the isotropic echo is formed),
magnetization is transferred to the spin-1/2 nucleus by Hartmann-Hahn cross polarizatibn,
and then the. 3!P spectrum is recordéd. The result is a heteroﬁuclcar correlation
experiment acquired under MAS with high-resolution in both dimensions. |

The phase cycle shown in Figure 6.10 enables the collection of pure-absorption
mode two-dimensional spectra by retaining é pair of “‘mirror—imége” coherence-transfer

pathways during the evolution period t;.* The desired tripl§:¥quantun1/single-quantum
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Figure 6.10 - Pulse sequence, coherence-transfer pathway, and phase cycle for MQMAS/
HETCOR. “Mirror image” coherence-transfer pathways are retained during the evolution
period so that two-dimensional pure absorption lineshapes can be obtained. The 96-step
phase cycle incorporates CYCLOPS*® cycling and spin-temperature alternation.” The

second data set needed for States-type processing can be generated by shifting the phase
of ¢3 by 90°.
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pathways for the MQMAS porﬁon of the experiment are 0 »3 — 1 and 0 > -3 —» -1.
The phase of the first pulse is cycled through 60° steps to retain Ap;=+3 and Ap;=-3; the
phase of the second pulse is cycled through steps of 90 to retain Ap;=-2 and Ap,=+2 (see

Section 1.5). The accumulated phase at the end of t; is given by
2 (Ap) @; = Ap;¢; +Apy0, . (6.15)
i
- For the phase cycle and the two desired paths of Figure 6.10, this corresponds to
{ (0°,180°,0°, 180°; 0%, 180°, 180°, 0°, 180°, 0°, 180°, 0°) 2} - (6.1~>6)

. When this is combined with a constant-phase CP pulse, spin-temperature alternation is
automatically achieved.*’

Note that any residual triple-quantum coherences that were not converted to
single-quantum coherences by the second pulse could potentially also be transferred in a
cross-polarization step since the effective nutation frequency of the triple-quantum
coherence (Equation (6.8)) would match the nutation frequency of the spin-1/2 nucleus at
some point during the rotor cycle. However, such coherences (corresponding to the paths

0 -3 -3 and 0 » -3 — -3), would accumulate phases
{ (0°, 1807, 0°, 1807, 07, 1807, 0°,180", 0°, 180", 0", 180°) ,} . (6.17)

Proper cycling of the receiver in accordance with Equation (6.16) will cancel out such
triplé-quantum signals.

_To obtain a pure-phase, two-dimensional spectrum with frequency discrimination
in the ; dimension, two amplitude-modulated data sets must be collected and processed
according to the method of States et al.5! In our experiment, this second data set is
generated by using a phase cycle identical to that shown in Figure 6.10,\ except with
$3=90". Finally, CYCLOPS* phase cycling of ¢, is included to eliminate rec‘eibver

imbalance. The complete phase cycle has 96 steps.
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To test the MQMAS/HETCOR pulse sequence, experiments were performed on a
sample of anhydrous sodium trimetaphosphate (Na;P30g9) which was prepared according
the method of Jarvie et al.??® This is the same sample that was used to demonstrate the
feasibility of the DAS/HETCOR experiment,??* and its crystal structure (as determined by
X-ray studies?®) is depicted in Figure 6.11. Sodium trimetaphosphate is known to have
two crystallographically distinct sodium sites and two crystallographically distinct
phosphorous sites; in both cases, the *“general” site has twice the population of the
“mirror” site. Table 6.2 indicates the nearest Na-P distances.

Figure 6.12 shows the 22Na MQMAS spectrum of sodium trimetaphosphate
recorded at 11.7 T using shifted-echo, hypercomplex processing and shearing.>

The MQMAS/HETCOR spectrum of sodium trimetaphosphate is shown in Figure
6.13. The spectrum was recorded on a Chemagnetics CMX-500 spectrometer using a 7.5 .
mm Chemagnetics probe that was double-tuned to 131.894 MHz for >Na and 201.850
MHz for 3'P. Each of the first two pulses was 16 s, corresponding to a 3t istation on the
central transition of sodium. This served to partially suppress the direct excitation of the
P (general)

Na (general)

Na (mirror)

P (mirror)

P (general)
Na (general)

Figure 6.11 - The crystal structure of Na3P;Oq as determined by X-ray crystallography.2%>
The crystal has orthorhombic symmetry. The two types of sodium and phosphorous sites
are indicated. Note that there are twice as many general sites as mirror sites. The nearest
Na-P distances are listed in Table 6.2.
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Na(mirror) to Na(mirror) to Na(general) to Na(general) to

P(mirror) P(general) _ P(mirror) P(general)
3.466 A 3301 A 3.299 A 3323 A
4.686 A 3.434 A 3.380 A 3.452 A
[5.728 A] 5.675 A 5.458 A 3.584 A
5.816 A . 5622 A 4.614 A
[5.892 A] [5.987 A] 4770 A
: 4810 A
74905 A
5.530 A

[5.702 A]
[5.765 A]

Table 6.2 - Nearest distances between sodium and phosphorous sites in anhydrous sodium trimetaphosphate
as calculated from the X-ray structure.? All distances of under 6 A are llstcd The unbracketed distances
were used to estimate theoretical peak intensities.

_single-quantum coherence. The cross-polarization contact time was 10 ms and the
spinning speed was 5 kHz. The n=-1 match condition sideband (see Section 4.3) was used
for cross polanzatlon and corresponded to a spin-lock strength of 4.6 kHz. This gave
adiabaticity parameters of o< 0.005 for the spin lock on both 23Na sites, which is well
within the sudden regime. . Thirty-ﬁve complex t; points consisting of 960 scans in each
were collected with a recycle delay of 3 s. The projections in each dimension show that

two peaks are observed for each nucleus, corresponding to the crystallographica]]y distinct

= -2
J O J\‘\\_../
1 - ey -
2.5 2.5 0 2.5 -5
25 0 -25 [Hz]

o,/ (2m) [kHz]

Figure 6.12 - Sheared 22Na MQMAS spectrum of Na3P30q. Thirty-one t; slices with 24
scans in each were acquired with a 3 s recycle delay. :

187 .



sites.?”® The two phosphorous peaks are at -18.7 and -15.5 ppm with respect to 85%
H3P304 at O ppm, and the two peaks in the 2Na spectrum are at -6.1 and -21.5 ppm with
respect to solid NaCl at O ppm.

Table 6.3 lists the quadrupolar parameters and isotropic chemical shifts
(referenced to solid NaCl) for the two sodium sites in Na3P;0q as previously determined
by Koller et al.??® from fits of a one-dimensional MAS spectrum recorded at 9.4 T. The
values we obtained from fits of anisotropic slices of an MQMAS spectrum recorded at 4.2
T are also listed. By using these parameters and Equations (6.7) and (6.14), it was
possible to predict the positions of the peaks in DAS and MQMAS experiments performed
at various field strengths. These predictions are listed in Table 6.3 and are compared with
experimental results when they are available. Note that the measured values reported in
Jarvie’s paper??? were referenced to 0.1 M NaCl, which has a chemical shift of 6=-7.2 ppm
relative to solid NaClL.?¢ To make the comparison easier, all shifts are listed in the table’

relative to solid NaCl.

23Na

©
. 1| D- ®

ppm from 85% H,P,0,
S
[6;]

TTI TTrerorred I]l IITIII1T1 LI
0 -10 -20
ppm from solid NaCl

Figure 6.13 - 2*Na/3'P MQMAS/HETCOR spectrum of NayP30q recorded with a cross
polarization contact time of 10 ms and a spinning speed of 5 kHz. Thirty-five complex t,
points consisting of 960 scans in each were collected with a recycle delay of 3 s.
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Parameter Source Gelferal Mirror Site
_ Site
Coc - Koller et al. 1.57MHz | 2.20MHz
n Koller et al. 0.55 0.70
5,9 Koller et al. -5.60 ppm | -14.80 ppm
chc our measurements ' 1.57 MHz 2.20 MHz
n our measurements 055 0.64
3,(¢S) our measurements -520 ppm | -15.07 ppm
calculation based on the .
2:5(9 4 T; calculated) quadrupolar parameters of | -11.7 ppm -27.4 ppm
Koller et al.
calculation based on the
2?5(9 4 T; calculated) quadrupolar parameters -11.3ppm | -27.4 ppm
we determined '
2:5(9 4 T; measured) measured by Jarvie et al. -9.7 ppm -26.1 ppm
calculation based on the
EOAS(II 7 T; calculated) | quadrupolar parameters of | -9.5 ppm -22.9 ppm
Koller et al.
‘ calculation based on the
2:5(1 1 7 T; calculated) quadrupolar parameters -9.1 ppm -23.0 ppm
we determined
calculation based on the
SrSMAS(l 1.7 T; calculated)] quadrupolar parameters of -7.0 ppm -21.3 ppm
: Koller et al. '
calculation based on the
SXSMAS(I 1.7 T; calculated)) quadrupolar parameters -6.2 ppm -22.1 ppm
we determined
Bxc?MAs(l 1.7 T; measured) our measurements -6.1 ppm -21.5 ppm

Table 6.3 - Quadrupolar parameters, predicted shifts, and measured shifts for the 2_3Na sites in Na3P30q.
Shifts calculated both from the parameters of Koller et al.2%¢ and from our parameters are listed and are
compared to the DAS/HETCOR experiment of Jarvie et al.?? and to our MQMAS/HETCOR experiment.

Predicted shifts for a DAS experiment at 11.7 T are also tabulated. All shifts are reported relative to solid
NaCl at 0 ppm.
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The positions of the peaks we measured in our MQMAS/HETCOR experiment
agree, within experimental error, with the theoretically predicted shifts. (The DAS shifts
of Jarvie et al. appear to deviate more from the predicted shifts, but the peaks are quite
broad and the resolution relatively low in the ®; dimension. These factors could explain
at least some of the discrepancy.)

The 2-D MQMAS/HETCOR spectrum (Figure 6.13) shows four distinct cross
peaks between the two 31p and two 2Na resonances. Correlation between the two nuclei
is principally through dipolar coupling, which results from both sodium sites being in
close proximity to both phosphorous sites. As in the DAS version of the experiment, the
measured intensities of the cross peaks in this new experiment may not yet be considered
quantitative. Cross polarization is often not quantitative eveﬁ when quadrupolar nuclei are
absent, but in an idealized HETCOR experiment between spin-1/2 nuclei (using the pulse
sequence of Figure 6.7), peak intensities would be influenced by three factors: (1) the
- population statistics (how many nuclei of each type are present), (2) the distances between
heteronuclei (which determine the rate of cross polarization), and (3) the relative
relaxation times (T;,) of spins. in different sites. If the Ty,’s for a given isotope are
similar, relative cross-peak intensities will be proportional to the rates of cross relaxation
which in turn are proportional to heteronuclear second moments.???” We can estimate
“ideal” relative intensities for the cross peaks in our system by using the distances from
Table 6.2 to calculate second moments. In this approximation, we assume that we can
average the angular-dependent terms over all powder orientations? so all that remains is to
calculate the sum 2 1/ r?j over the nearest Na-P distances (the number of terms in the
sum being determixi]ééi by the population statistics). The “ideal” relative intensities would
then be 1:0.7:0.7:0.3 for the Na(general)/P(general), Na(general)/P(mirror), Na(mirror)/
P(general), and Na(mirror)/P(mirror) cross peaks, respectively.

In the MQMAS/HETCOR experiment, even further factors affect the cross-peak
intensities. First, as discussed in Chapters 3 and 4, cross-polarization dynamics of
quadrupolar nuclei are complicated under magic-angle spinning conditions by the time
dependence of the first-order quadrupolar interaction. This is not the case for the DAS/
HETCOR experiment since the polarization transfer occurs at 0° to B, permitting

attainment of the full, static cross-polarized intensity.!! The second factor that complicates
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the quantification of the MQMAS/HETCOR experiment is that both the excitation of the
triple-quantum coherence and its conversion back to single-quantum coherence depend
strongly upon the rf excitation power and the quadrupolar parameters.?’? For the
excitation and conversion pulses that we used (see Figure 6.12), the site with the greater
Cgcc had one-quarter the intensity of the other site, despite the fact that its population is
one half that of the other site. The measured relative cross-peak intensities for the
spectrum in Figure 6.13 are 1:0.5:0.2:0.1 for Na(general)/P(general), Na(general)/
P(mirror), Na(mirror)/P(general), and Na(mirror)/P(mirror), respectively, which deviates
from the ideal case due to these complications. Modifications of the original MQMAS
experiment to make the intensities closer to quantitative have been proposed by Wu et
al.,?® and this is currently an active area of research in many l’éboratories. However, it is
important to note that the qualitative appearance of our MQMAS/HETCOR spectrum is
similar to the DAS version; the DAS experimeni is also not strictly quantitative.?2? .

The advantage of combining the MQMAS experiment with the HETCOR
experiment is immediately obvious when Figure 6.13 is compared with a normal MAS

HETCOR spectrum of NayP;0q (Figure 6.14). Even though the second-order quadrupolar

interaction has not been completely averaged, the 23Na dimension for this sample still .

exhibits relatively high resolution because of the significant differences in Cgc., M, and
Si(sis) between the two sites. However, even for this ideal case it is clear that the
MQMAS/HETCOR experiment gives superior resolution. For more complex systems
where the 2°Na dimension is not so well resolved, such as sodium phosphate glasses, the
MQMAS/HETCOR experiment should be of significant utility.

In principle, the heteronuclear correlation experiment could be applied in reverse,
transferring the magnetization from 31P to 23Na and then performing the 3Q/1Q MQMAS
experiment to obtain high resolution in the 23Na dimension (possibly‘ with direct cross
polarization of the triple-quantum transition which would occur nine times faster than
single-quantum cross polarization for a given spin-lock field strength on the 31p
channel?®13%).,  However, performing the experiment in this way has two major
drawbacks. The first is that the experiment would, in effect, become a three-dimensional

experiment, increasing the time required to collect the data. The second disadvantage is

that the T, of sodium is typically much shorter than that of phosphorous due to the
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efficiency of quadrupolar relaxation mechanisms. For example, in Na;P304 the delay
between scans necessary to prevent significant saturation of the signal is 3 s for 23Na and
660 s for 3!P; performing cross polarization from 31p to 23Na would increase the
experimental time prohibitively.

Althbugh cross polarization is less efficient for samples spun at the magic angle
than for samples spun at an angle of 0° with respect to the static field,'? the MQMAS/
HETCOR experiment has several advantages compared to the DAS version. The main
advantage is that high-resolution HETCOR spectra may be obtained from quadrupolar
nuclei using a conventional MAS NMR probe. Our experiments were performed using an
unmodified Chemagnetics probe with a 7.5 mm rotor and an rf field strength of only 42
kHz for the multiple-quantum coherence excitation. As double-resonance MAS probes

~are available in most solid-state NMR laboratories, this simplification will enable this

23Na
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Figure 6.14 - A conventional two-dimensional Na'Pp MAS HETCOR spectrum of
Na§P309 recorded under similar conditions to those in Figure 6.13. The 90° pulse length
of 2*Na was 27 s, the cross polarization contact time was 10 ms, and the spinning speed
was 5 kHz. Thirty-two complex t; points consisting of 256 scans were collected with a
recycle delay of 3s.
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experiment to be widely applied. In contrast, the DAS/HETCOR experimeht 223 requires a
static-coil dynamic-angle spinning probe that is capable of cross polarization at 0° with
respect to By;!>15 such probes are not currently commercially available.

A second advantage of the MQMAS/HETCOR experiment is that, potentially, the
resolution of the 2>Na dimension wii] be greater than that observed in the DAS/HETCOR
experiment, hence increasing the possibility of separating signals from sites with similar
chemical environments.26 This arises from scaling of the chemical and quadrupolar shifts
in the 3Q/1Q MQMAS experiment on an S=3/2 nucleus by 17/8 and -5/4, respectively
(see Equation (6.14) and Table 6.1). In Table 6.3, peak positions for both a DAS and an
MQMAS experiment at 11.7 T were calculated for the sodium sites in  Na3P30.
Althoqgh the numericg] values differ slightly depending on which set of quadrupolar
parameters are used, the dispersion in the MQMAS spectrum i1s greater than that in the
DAS spectrum in both cases. '

A third advantage of the MQMAS/HETCOR'experiment, and the most important
for its application to a wide variety of materials, is that sémples with éhort T;’s may be
investigated. DAS/HETCOR is limited to samples where T is greater than about 150 ms
since the typical time required to flip the spinning axis is about 40 ms, and the experiment
requires three sample reorientations (see Figure 6.9). This has previously excluded the

study of many 27l and lig systems.

q
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Chapter 7: Reversal of Radidfrequency-Drive_n Spin
Diffusion by Reorientation of the Sample-
Spinning Axis

The previous three chapters have examined heteronuclear polarization transfer in
the form of cross polarization. In this chapter, we will be concerned with homonuclear
polarization transfer, or “spin diffusion,” in systems of spin—1/2 nuclei. In particular, we
will demonstrate that it is possible to reverse the process of rf-driven spin diffusion by

changing the orientation of the sample-spinning axis. relative to the static magnetic field.

7.1 Previous Polarization-Echo Experiments

The ability to manipulate the nuclear spin Hamiltonian during the course of an
NMR experiment has permitted the observation of a variety of echo effects. The well-
known echo experiments by Hahn??® demonstrated that inhomogeneous interactions could
be refocused by two radiofrequency pulses. Since then, spin echoes have also been
observed’ in- homogeneously broadened systems. The “magic-echo experiment”
introduced by Schneider et al.2?° and Rhim et al.?*! showed that it was possible to induce a
“time reversal” of the free-induction decay (FID) in a dipolar-coupled spin system. Llor et
al.2*2 reported the observation of the time reversal of isotropic many-body spin couplings
in zero-field NMR.

More recently, several experiments have demonstrated the possibility of
refocusing the process of homonuclear polarization transfer, or “spin diffusion,”? in
extended spin systems. Exploiting the fact that the truncated dipolar Hamiltonians in the
rotating and laboratory frames have opposite signs,’ Zhang et al.** designed a pulse
sequence to refocus proton spin diffusion in a static sample. Karlsson et al.?*® and
Tomaselli et al.?*¢ showed that the polarization-transfer process could also be refocused
under MAS?723%8 conditions by using rotational-resonance recoupling?®24 or rotor-
synchronized multiple-pulse sequencés. The formation of such polarization echoes
clearly demonstrates the deterministic quantum-mechanical nature of the “spin-diffusion”
process even though it can in some cases be approximated by a diffusion
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" The dependence of the NMR Hamiltonian on both spatial and spi'n'variables7’8
suggests that the process of spin difquionmight also be reversible by a mechanical
sample reorientation. It has previously been shown that a “magic echo” of the free-
induction decay can be induced in an oriented liquid-crystalline sample by changing the
angle between the director and the external magnetic field.>** In this chapter, it will be
_ shown that a time reversal of spin diffusion can be achieved b.y switching the axis of

sample rotation during a radio-frequency-driven spin-diffusion experiment.?#

7.2 Spin Diffusion

The term “spin diffusion” is commonly used to refer to the transfer of polarizatidn
among like nuclei.?»*2 This process is meditated through the zero-quantum “flip-flop”

term in the dipolar Hamiltonian (the second term on the right in Equation (1.72)) and is

very efficient when the nuclei have the same resonance frequency. When the nuclei have ;

different frequeﬁcies, however, the “ﬁii)-ﬂop” is not energy-conserving, and polarization:
transfer will not occur unless the system can obtain compensatihg energy- from another'
source.

Among protons, spin diffusion occurs readily since chemical-shift differences are
small relative to dipolar couplings. However, the opposite is true for rare spins such as
natural abundance !3C. The rate constant for spin diffusion, ij, between two spins sj,

and Sy in a static sample can be estimated using Fermi’s Golden Rule'®

w22

w Y () (7.1)

k= 2
where s is a pulse-sequence-dependent Scaling factor, aﬁd béff,jk is the effective dipolar
coupling frequency (explicit examples of which will be given below). The term ij(O) 1s
the intensity of the normalized zero-quantum spectrum of the two spins at frequency
zero;¥24%46 it represents the fraction of transitions which will be energy-cbnsérving. The
zero-quantum line is centered at the difference frequency (Q2 i Q,) of the two spins (see

Figure 7.1) which means that the closer their frequencies, the greater the value of F jk(O) .
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For natural-abundance 1°C spins, chemical-shift differences will often be much
greater than the dipolar-coupling frequehcy, which would seem to imply that F jk(O) , and,
hence, the rate of spin diffusion, would be zero. However, coupling to an abundant proton
bath can broaden the zero-quantum line so that spin diffusion is possible. This mechanism
is commonly known as “proton-driven” spin diffusion although it is important to realize
that the magnetization is not transferred to the protons during this process.?

Proton-driven spin diffusion can be measured using a two-dimensional pulse
sequence that is identical to that used to measure chemical exchange (see Figure 2.7).
After cross polarization and a frequency-labeling period (t;), spin diffusion is permitted to
occur during a mixing time (in the range of hundreds of milliseconds to hundreds of
seconds), and then the signal is recorded. Such experiments héve been used to determine
relative tensor orientations?*®2*° and to probe proximities in heterogeneous materials??
The rate of proton-driven spin diffusion tends to be very slow because F jk(0) , though not
zero, is still small (see Figure 7.1a). However, the rate of spin diffusion among rare spins

can be significantly enhanced by coupling the system to mechanical rotation of the sample

F,(0)

a) b)

- -
0 Q- Q-Q,

Figure 7.1 - Schematic of zero-quantum lineshapes for (a) proton-driven and (b) rf-driven
spin diffusion between a pair of spins. The zero-quantum lineshape is assumed to be
Lorentzian2*7 and is centered at the difference frequency of the two spins. The rate of spin
diffusion is proportional to the intensity of the zero quantum lineshape at zero frequency.
The rf-driving process both narrows the width of the zero-quantum line and moves its
center closer to zero frequency, dramatically enhancing the rate of spin diffusion.
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during MAS (“rotor-driven” spin diffusion)?3*2%0 or by using rf fields to reduce chemical-
shift differences (“rf-driven” spin diffusion).?*#20 The faster rates permit studies of short-
range order.

In rf-driven spin drffusxon a spin-lock field of strength g is applied to the dilute
S spins (13C, PN) durmg the mixing time.*+2° This spin-lock field scales the chemical-
shift differencee among the S spins virtually to zero and decouples them from the
abundant I spins (H). These effects enhance the rate of spin diffusion among the dilute
spins by several orders of magnitude by moving the center of the zero-quantum line closer
to' ® = 0 and by narrowing its linewidth (see Figure 7.1b).24245 For a spin-lock field
which is applied along the x-axis in the rotating frame and exceeds the dipolar interactions
in its strength, the average Hamiltonian which drives the spin-diffusion process in a_sratic

sample is given to zeroth order by

_©0) - -
}[static =35 z hbjk(r]k’ 0, ) [3S S (SJ . Sk) ] (7.2) 5

i<k
where s is a scaling factor that equals —% for an on-resonance, continuous-wave (cw) spin

lock® and by is an effective dipolar coupling frequency

Mo\ Y : -
byt 9, = -(Z;-‘;)( S J (3cos 19 ~1) = —d;Py(cosd;). (7.3)

rjk

The angle of the internuclear vector of the spins j and k with respect to the external
magnetlc field is given by 1?) ,and d; i is the dipolar coupling constant.

The truncated Hamiltonian of Equation (7.2) is rendered time-dependent by

. sample rotation about an axis inclined at an angle 6 from the direction of B(,.”"?*! Under

the condition |sbjk| «O <O, zeroth-order average-Hamiltonian theory can again be

applied to the Hamiltonian already truncated by the rf field. This approximation

corresponds to neglecting all of the time-dependent terms, and the secular Hamiltonian for

the spin-diffusion process in the rotating sample becomes

—(0
7 = p 2(cos€))thbk(er,BJk)BSJxSkx (S-S —PZ(COSG)J{ (7.4)
j<k
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Note that the effective dipolar frequency b jk(rjk, B jk) now depends on the angle between
the internuclear vector and the rotor axis and that the Hamiltonian is proportional to the
second-order Legendre polynomial of the cosine of the angle between the rotor and the
static magnetic field. In the case of magic-angle spinning, P,(cos54.74°) equals zero,

and special recoupling sequences are needed to drive the spin diffusion.?3>23

7.3 Reversal of Rf-Driven Spin Diffusion

7.3.1 Pulse Sequence and Experimental Apparatus

The presence of the scaling term P,(cos€) in Equation (7.4) provides the
experimenter with the possibility of switching the sign of the Hamiltonian that governs rf-
driven spin diffusion by changing the orientation of the rotor axis relative to By. The rf
pulse sequence shown in Figure 7.2 takes advantage of this property and represents a new
- type of polarization-echo experiment.234236

Hartmann-Hahn cross polarization!!"'??’ is used to polarize the S spins during a
preparation period' Tcp While the sample is spun about an axis oriented at the angle
0,=35.25° relative to By. After a frequency-labeling period t;, a cw spin-loék is applied.
For a time 7t;, rf-driven spin diffusion occurs with a scaling factor of
P,(c0s35.25°) = 0.5. During the time 12; the sample is rapidly reoriented to 6,=90°,
and the spins evolve under a driving Hamiltonian with a scaling factor of
P,(c0s90°) = -0.5. The signal is then acquired for a time t;. It is easily seen that the

-iPy(c0s©,) H;1, /b —iP,(cosO,)H;T,/h
propagator e e

is the unity operator if T, = 7,, and an
echo occurs at that point in time, even for many-body interactions. Obviously, an echo
can also be formed with other combinations of 8; and 6.

Although a polarization echo could also be observed in a one-dimensional
experiment with selective excitation, the two-dimensional version* allows one to
distinguish the contributions of spin diffusion from those of T, relaxation.

To implement the echo pulse sequence of Figure 7.2, a home-built double-
resonance probe in which a stationary coil surrounds a movable stator (see Figure 7.3) was

used. A stepper motor connected to a Whedco IMC-1151-1-A controller was used to

rapidly reorient the rotor axis during the experiment to within £0.62°.1% Details of the
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probe design, which was originally developed for use in DAS experiments, are described
elsewhere.!®!> The use of such a probe permitted continuous application of the rf spin
lock during the mechanical hop. It was not possible to avoid irradiating the S-spins during
the hop by using '—2‘ storage pulses?*? since the full dipolar order could not be retained.!*
All spectra in this chapter were recorded on a home-built spectrometer® with a 'H
‘Larmor frequency of 30»1&.2VMHz and a 13C Larmor frequency of 75.7 MHz. Adamantane

was purchased from Aldrich and used without further purification. The amount of time

T
Ko

Thop

Figure 7.2 - Pulse sequence for refocusing rf-driven spin diffusion by sample
reorientation. Hartmann-Hahn cross polarization'!!"%” is used to enhance the polarization
of the S spins. The S spins are frequency-labeled during the evolution time, t;. For the
entire mixing period, spin diffusion among the S spins is driven by a cw spin lock.2442%0
In the defocusing period, 7, the sample is spun at the angle 6,=35.25°. During the
refocusing time, 1,, the rotation axis is rapidly reoriented to 8,=90°, and the rf-driven spin
diffusion is time reversed at 1, = 1,. Proton decoupling is applied during both the
evolution (t;) and detection (t,) periods.
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necessary to reorient the sample was épproximately 10 ms. The spinning speed was 5.3
kHz; the rf field strengths were ®,;/(2%) =0,¢/(27) =20 kHz; and the cross-
polarization contact time was 5 ms. The !3C carrier frequency was positioned exactly
between the two !3C resonances in adamantane for the most efficient chemical-shift

scaling during the cw driven spin diffusion period.244245:250

7.3.2 Build-up of Cross-Peak Intensity

The build-up of the cross-peak intensity during the time t; with 1,=0 (see Figure
7.2) scales linearly with |P2(cosel)‘ . Here, we interpret the rf-driven spin diffusion as a
deterministic quantum-mechanical process described by the Hamiltonian, :7{:(?‘) .(Equation
(7.4)). This can be seen by performing a series expansion about 7,=0.7* Assuming that
our system has two distinguishable sites, the intensity of the A — B cross peak is given

by

ST, /h iFo0 T,/
] Tr g7 pt,=0e " EL
(F,(t))) = -
B
Tr{ (FX) } (7.5)
) i (=i) " (1, P,(cos8))) “M
) n! n
n-=
removable  Stator housing fixed
endcap \ i coil endcap
/
string

Figure 7.3 - Probe design used in experiments. The stator housing was attached to a
pulley which was controlled by a stepper motor so that the rotor angle could be varied
during the course of the experiment.!%!55 The stationary coil permitted rf irradiation to be
continuously applied during the reorientation.
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B . : N .
where F, is the sum magnetization for the spins of type B and the M, denote the
moments of the series expansion>8

¢

) (B2 | (Ay/m) " |ED )

M =

(7.6)

B| B
(F|Fy)

The scaling behavior can be observed experimentally. by performing 13C rf-driven
spin diffusion on polycrystalline adamantane for different values of Pé(cosel). The
largest value for |sbjkl/ (2m) is 11 Hz for the carbons in natural-abundance adamantane
so the condition ‘Isbjk| «@® « g can easily be satisﬁecl. In our experiments,
®./(2r) = 5.3 kHz and ©,4/ (27)- = 20 kHz. Figure 7.4 shows the buildup of the
normalized cross-peak intensity from rf-driven spin diffusion in adamantane as a function
of ]Pz(cosel)l x 1, for three different angles 8;. To within experimental error, all three
sets of data points lie on the same curve. _ |

The same scaling behavior results when first-order, time-dependent perturbation
theory"®23 is used to describe the polarization-transfer process. The spin-diffusion rate,

Pj, between two spins S; and Sy in a rapidly rotating sample can be written as!®

Pu(ry) = Wy, = 25° (Py(cos8)) * [by, (1, B F©® -7, . (7.7)

Note that the rate constant was calculated using Fermi’s Golden Rule (see Equation (7.1))
and taking into account the sample rotation (see Equation (7.4)). In the ideal case of rf-
driven spin diffusion, the abundant I spins are completely decoupled from the S spins and,

therefore, Fj(0) scales with |sP2(cos(~31)bjk|_1 . This leads to
Pyy(T) = [sby| - (,[P,(cos®,))) . (7.8)

Equations (7.7) and (7.8) predict that the rf-driven spin-diffusion rate constant, Wi, scales

. 3 . . . . 6
with 1/r;, in contrast to the proton-driven case where Wy is proportional to 1/r e
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It is interesting to compare the experimental polarization-transfer dynamics with
statistical approaches.  The three curves ~shown in Figure 7.4 result from a
phenomenological, ad-hoc model of the spin-diffusion process in natural-abundance 3¢

adamantane assuming a master equation for the polarization (p, = (S, )) exchange

—p = W-p. . (7.9)
W represents the polarization-exchange matrix where Wy, is evaluated according to
Equation (7.7) with 8;=0" and the diagonal elements are defined as W = -—Z WkJ to

conserve the sum polarization.* An fcc lattice of 1000 adamantane molecuies was

O 1 1 1 1 1 L 'l 1
0 20 40 60 80 100 120 140 160

|P5(cos0)lty [ms]

Figure 7.4 - Experlmental build-up of the normalized rf-driven spin diffusion cross-peak
intensity in 13C natural-abundance adamantane as a function of |P2(cose ) x 111 for 8,=0°,
35.25°, and 90°. The curves were numerically calculated from a kinetic master equation
for the polarization exchange process (Equation (7.9)) and represent three different model
assumptions used for the evaluation of Wj, as described in the text. Qualitative agreement
with the experimental data is obtained when a umform and constant normalized zero-
quantum intensity of F. k(0) = F0) = (7+2)x10 s 1Is assumed.
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constructed with a nearest diétance of 6.6 A between molecular centers.2* Due to the fast
rotational dynamics 6f adamantane molecules at 300 K, the intramolecular dipolar
interactions are averaged to zero, and the observed polarization transfer reflects only
z'ntermdecular dipolar interactions. The S-spin lattice sites were occupied by using a
random number generator and considering the probabilities of 13CH2 and '3CH
occurrence at natural abundance.s It was assumed that no more than two 3¢ atoms were
‘present in a single fnolecule. The matrix elements, ij, of W were evaluated separately
for each dipolar-coupled spin pair using Equation (7.7) with 8,=0". '

The three curves in Figure 7.4 represent three different model assumptions used
for the evaluation of ij.. The dotted curve-was generated using the approximation that

((1- 3c032B ix) 2) powder = 4/5 for each spin pair.® The dashed curve was obtained by
performing an e‘xplicit powder average over 1000 orientations using the method of Cheng
et al.’® (see Section 1.3). The solid curve was obtained by additionally taking into account
the fast rotational diffusion of the adamantane molecules on their lattice sites which leads
toa motionally averaged internuclear distance (rjk) and angle (B jk) 25 All three curves
' represent an average over 100 different randomly occupied S-spin lattices. Qualitative
agreerrient with the experimental data is obtained when a uniform and constant normalized
zero-quantum intensity of ij(O) = F0) = (7x2) ><10_2 S is assumed. This leads to a
linewidth of the normalized S spin zero-quantum spectrum of 10-14 Hz assuming a
Lorentzian or Gaussian shape and agrees well with the strength of the Be3c dipolar
couplings in natural-abundance adamantane (lsb;?(axl/ (2r) =11 Hz) .

The time dependence of the polarization transfer is clearly non-exponential due to
the statistiéal distribution of the 1>C spins on the lattice sites. For T, <30 ms, the 3cH
and ‘13CH2 pairs on neighboring molécules predominantly contribute to the cross-peak
intensities. For longer times, more remote spin packets (within the next nearest neighbor
shell for the plotted time range) start to contribute as well, leading to a flattening of the
build-up curve. Due to the isotopic dilution and the crystal structure of adamantane, the
spin-diffusion dynamics appear to follow the predictions made for coupled clusters of

spins.!?
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7.3.3 Spin-Diffusion Echoes

Figure 7.5 shows a set of three two-dimensional spectra of adamantane obtained
with ;=30 ms and different values of T,. In Figure 7.5a, 17)=0 ms and the sample was
spun at 8;=35.25°. Rf-driven spin diffusion proceeded according to the Hamiltonian of
Equation (7.4) with the scaling factor P,(cos8,) = 0.5, and the spin-diffusion cross
peaks are clearly visible. Figure 7.5b shows the spectrum corresponding to the
polarization echo. In this experiment, the S-spin system evolved under a Hamiltonian
with a scaling factor of P (cos8,) = 0.5 for ;=30 ms. The sample was then reoriented,
and the evolution continued with a scaling factor of P,(cos6,) = -0.5 for 7)=50 ms. The
opposite signs of the scaling factor during T; and 1, caused the evolution of the
polarization transfer to refocus, and the cross-peak intensity approached zero. Since a
finite time was required for the sample reorientation, the polarization echo was delayed
and occurred at T, = 1.37;. Figure 7.5c shows the case where T, was much greater than
T;. In this spectrum, the cross-peak intensity has recovered and reached a value exceeding
that shown in Figure 7.5a. .

The complete time evolution of the echo is depicted in Figure 7.6. The normalized
cross-peak intensities are plotted as a function of total mixing time for ;=30 ms (Figure
"7.6a) and 1,=70 ms (Figure 7.6b). For the experiments with the shorter t; time, the
refocusing of the spin diffusion is nearly complete, but at longer times the echo, though
sharp, is weaker in amplitude. The reason for this is unclear. One possibility is that the
strength of the 13C of field used in these experiments (05/(2m)=20 kHz) may not be
sufficient to fully decouple the abundant proton spins. The residual heteronuclear dipolar
coupling Hamiltonian, g, and the homonuclear dipolar cbupling among the I spins, 7,
will not be inverted by the sample reorientation since the spinning speed (®/(2m)=5.3
kHz) is not fast compared to these interactions. Consequently, the S-spin polarization
echo amplitude will be damped. The flatness of the echo peak in Figure 7.6a is due to the
finite time required for sample reorientation. The evolution during the reorientation is
difficult to quantify since it is not known precisely how much time the sample spends at

each angle. Furthermore, the scaling factor, P,(cos0), varies non-linearly with 6, and the
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Figure 7.5 - Experimental two-dimensional 13C " rf-driven spin diffusion spectra of
adamantane.  For the two-dimensional spectra, 90 complex t; points consisting of 16
scans in each were collected according to the method of States et al.5! The delay between
experiments was 3.5 s. (a) Rf-driven spin diffusion spectrum obtained at 6,=35.25" (no
axis reorientation) with a mixing time of ;=30 ms. Cross peaks due to spin diffusion are
clearly visible. (b) Echo experiment obtained using the pulse sequence of Figure 7.2 with
1;=30 ms and 1,=50 ms. The spin diffusion has been refocused, and the cross-peak
intensity is nearly zero. Note that the orientation of the diagonal peaks has changed due to
the sign change of P,(cosO) (which affects residual chemical-shift, dipolar, and bulk
susceptibility interactions during the evolution and detection periods). (c) Experiment

obtained using the pulse sequence of Figure 7.2 with 1;=30 ms and 1,=110 ms. The

longer evolution at the second angle led to a recovery of the cross-peak intensities. In all
three spectra, the contours are at 3, 5, 7, 9, 11, 13, and 15% of the maximum signal
intensity.
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Figure 7.6 - Time evolution of the normalized cross-peak intensity in adamantane. The
circles and asterisks show the cross-peak build-up as a function of mixing time for rf-
driven spin diffusion at angles of 8,=35.25" and 90°, respectively. The crosses show the
cross-peak intensities as a function of time for the echo experiment of Figure 7.2 with (a)
7;=30 ms and (b) 7=70 ms. The time at which the hop is initiated is indicated by a
vertical line in each graph.
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sign change occurs at an angle (6=54.74°) that is closer to 35.25° than to 90°. For these
reasons, the echo position will be sensitive to instabilities in the mechanical reorientation
process, leading to a broadening of the echo maximum for 7, = 7, op*

In summary, a new type of polarization echo has been introduced. We have
experimentally demonstrated that the spin—diffusién process can be refocused by a
mechanical sampleﬂ‘ reorientation. Rf-driven 13C polarization echoes were observed for
mixing times on the order of 100 ms, which is more than two orders of magnitude longer
than the time scale for previously observed proton dipoiar echoes. 234236 Although rf-
driven spin diffusion in adamantane can be qualitatively described by a master equation
for polarization exchange, such an approach obviously fails to describe the formation of

the echoes.
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