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ABSTRACT

In the first part of this thesis, experiments utilizing an NMR
phase interferometric concept are presented. The spinor character of
two-level systems is explicitly demonstrated by using this concept.
Following this is the presentation of an experiment which uses this
same idea to measure relaxation times of off-diagonal density matrix
elements corresponding to magnetic-dipole-forbidden transitions in a
13C-1H, AX spin system. The theoretical background for these exper-
iments and the spin dynamics of the interferometry are discussed also.

The second part of this thesis deals with NMR dipolar modulated
chemical shift spectroscopy, with which internuclear bond lengths and
bond angles with respect to the chemical shift principal axis frame
are determined from polycrystalline samples. Experiments using benzene
and calcium formate verify the validity of the technique in hetero-
nuclear (13C-1H) systems. Similar experiments on powdered trichloro-
acetic acid confirm the validity in homonuclear (lH—lH) systems. The
theory and spin dynamics are explored in detail, and the effects of a
number of multiple pulse sequences are discussed.

13

The last part deals with an experiment measuring the “~C chemical

shift tensor in Kth(CN)4Br0 3-3H20, a one-dimensional conductor. The

13(: spectra are strongly affected by 14

13

N quadrupolar interactions via
the C-qu dipolar interaction. Single crystal rotation spectra are
shown.

An appendix discussing the design, construction, and performance

of a single-coil double resonance NMR sample probe is included.
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CHAPTER 1

GENERAL INTRODUCTION
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Since its inception at the close of the Second World War, nuclear
magnetic resonance (NMR) has been enormously successful both as a research
tool and as an analytical tool in studies of liquids. This is primarily due
to the observation of the effects of three interactions. The first is the
Zeeman interaction, in which we place our sample containing the nuclei of
spin I to be studied into a strong magnetic field, and the energy levels of
the spin I are split into an equally spaced manifold of 21 + 1 levels. By
applying radiation at the frequency corresponding to the energy difference
of adjacent levels, we can cause transitions and hence do NMR spectroscopy.
This characteristic frequency, called the Larmor frequency, is equal to
YIHo (in radians per second), where i is the magnetogyric ratio of the I
spin and Ho is the strength of the magnetic field. The second interaction
is the so-called chemical shift interaction, in which the I spins feel also
the weak magnetic fields created by electron currents in the sample, thus
slightly altering the effective resonant frequency of the I spins in a way
characteristic of the particular solution being studied. The third inter-
action is the scalar or "J" coupling, in which our spin I interacts indirectly
with another spin S through a quantum mechanical exchange interaction of a
pair uf shared electrons. This causes the NMR spectroscopic lines to be
split characteristically of the particular sample, depending on which spins
I are near to which spins S in the sample. These three interactions together
can often serve to "fingerprint" a molecule, thus making liquid NMR a power-
ful analytical tool. In addition, by observing the characteristic times
required by systems prepared in non-equilibrium states to relax to equilibrium

(Tl’ T2, T]p , etc.), investigators have been able to study random effects
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such as molecular motions in the sample.

Unfortunately the successes of solid state NMR spectroscopy have not
come so easily. The main problem is that there are other interactions in
solids which effectively overwhelm the smaller chemical shift interaction.
The primary offenders here are the direct nuclear dipole-dipole interaction
and the quadrupole interaction. In the former we have a nucleus I interacting
with the magnetic field created by another spin S. This effect is often
orders of magnitude larger than the chemical shift effects. In the latter
we have the quadrupole moment of a spin I{I>4) interacting with the gradients
in the local electric field. This effect is usually an ordef of magnitude or
more larger than the dipole-dipole interaction. In liquids both of these
interactions are averaged to zero as the molecules and ions containing the
spins tumble about randomly with characteristic times '\:10'11 sec. However,
in solids where the nuclei are, for the most part, "nailed" in place, these
effects give rise to broad, featureless lines which yield 1ittle information.
However, if ways are devised to selectively either remove or utilize these
larger interactions, the NMR studies of solids can provide information not
even obtainable from NMR in liquids. For instance, the chemical shift inter-
action is known to be a tensor interaction, but due to the motion in liquids
the only information available there is the trace of the tensor. In solids,
contrastingly, all three principal components of the tensor are obtainable.

From the early 1950's to the late 1960's pioneering work was done in
developing sample spinning (1, 21 continuous wave (CW) (3),and multiple pulse
(MP) (4) techniques to remove interactions having the symmetry of the homo-

nuclear dipole-dipole interaction, thus making it possible to narrow
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the spectroscopic lines in solids by orders of magnitude. The MP techniques
were even further refined (5),and the resulting linewidths decreased by another
order of magnitude. Similar methods had been developed (6, 7) and were being

perfected (8)

which were useful in narrowing the NMR lines in solids which were
broadened by heteronuclear dipole-dipole interactions. All of these techniques
in solids-were aimed at effectively removing or "averaging out" these larger
dipole interactions in order to see the smaller chemical shift effects. Then,
however, the concept was pursued of not just eliminating, but rather utilizing
the dipole-dipole interaction quantitatively to obtain chemical shift infor-
mation. This {is where the present work of the author and collaborators comes
into play. We have continued the progress by developing experiments designed
to use the dipole-dipole interaction to effectively modulate the chemical
shift interaction, thus allowing us to get at structural and perhaps motional
parameters in polycrystalline solids. In the course of pursuing this research,
we were carefully scrutinizing the dynamics of spin % systems in general, and
out of this came a new generation of experiments which capitalize on often
overlooked phase coherence in spin systems. These later techniques are applic-
able to liquids as well as solids, so in some sense this research has come
full circle. The main common denominators of all the work in this thesis are
the attempt to develop new insights into the dynamics of spin systems (basically
spin %) and the use of NMR to devise novel and potentially very useful methods
of investigating materials. 1In all cases we have relied heavily on the strong
scientific foundation laid by so many workers in the field of NMR over the years.
The work summarized in this thesis is divided into basically three parts.

Although these parts were chronologically developed in reverse order, for



purposes of pedagogy they will presented as they are in this thesis.

The first part of the thesis, Chapters 2, 3, and 4, although developed
most recently will be discussed first because it embodies in some ways the
most simple and basic of the concepts in this thesis. It deals with a
nuclear magnetic double resonance technique which utilizes phase interferometric
spectroscopy. Essentially this means merely creating quantum mechanical phase
coherence between two quantum states by irradiation at one frequency and then
altering this phase coherence by application of radiation at a second frequency.
In most double resonance experiments, the application of radiation to the
second frequency is done in order to change the populations of the levels from
the thermal equilibrium values (9) or to alter the actual energy level
structure in a rotating frame (10). Yet none of these conventional double
resonance techniques makes use of phase information, thus ignoring a very
important part of the quantum mechanics of spin systems. By utilizing this
phase information we have been able to study the fundamental behavior under
rotation of half-integral spin particles, as well as studying relaxation rates
which are not normally seen. We feel also that this technique could be used
to detect spins with low magnetogyric ratios, as well as having a number of
other applications to spectroscopy.

In Chapter 2 the simple theoretical basis for this phase interferometry
is briefly presented. Chapter 3 gives the results of an experiment designed
to show the spinor character of a spin % nucleus using this same technique.
This same experimental technique 1s again used in Chapter 4 to investigate

the relaxation rates of transverse phase coherence corresponding to forbidden
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transitions. This may prove to be a way to measure cross-correlations
between fluctuating fields at different nuclear sites.

The second part of the thesis, Chapters 5 - 8, deals with a technique
called dipolar modulation chemical shift spectroscopy. In this technique
we allow the dipole interaction between spins to act for a time, T, and then
observe the conventional solid state chemical shift spectrum undulating
predictably.  Since both the chemical shift and dipolar interactions are
orientationally dependent, we can actually determine structural information
in polycrystalline materials. This eliminates the necessity of having
single crystal samples and makes it possible to use NMR to obtain geometrical
and perhaps motional information in such systems as catalysts and polymers,
where there may be no long range ordering.

In Chapter 5 the general theoretical background for the dipolar modu-
lated chemical shift experiments is presented. Both heteronuclear and homo-
nuclear dipole interactions are considered, and a number of different MP
cycles and their subsequent effects are discussed. Chapter 6 presents the
results of the first examples of transfer of spin polarization under pulsed
cycles. These experiments were the predecessors of the dipolar modulated
experiments and gave the first indication of how to generalize the concept
of the Hartmann-Hahn double resonance matching conditons (1) to pulsed
experiments. In Chapter 7, Part One, we present the results of experiments
on 13C—}H systems of polycrystalline benzene and calcium formate which
demonstrate the feasibility of the heteronuclear dipolar modulated chemical
shift technique. Chapter 7, Part Two, deals with further refinements on the

benzene theoretical work and a way to get internuclear distances by using only
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areas of spectra. Chapter 8 presents the results of an experiment utilizing
homonuclear modulation of chemical shift spectra. This experiment, done in
a polycrystalline sample of trichloracetic acid (TCAA), uses dipolar inter-
actions between 1H (proton) pairs to obtain structural information.

The third and final part of the thesis, Chapter 9, deals with a single

13._14,

crystal experiment in which the heteronuclear "~C

interaction was used
to obtain chemical shift information in a one-dimensional conductor. The
chemical shift, however, could not be determined without also calculating
the effects of the 14N quadrupole interaction. This effect should be of
extreme importance whenever calculating dipolar effects for spins greater
than . It should be pointed out here that only this last experiment deals
with a spin which is greater than ). In all of the earlier parts of this
thesis, the results, unless explicitly stated as such, are only valid for
spin % particles.

An appendix is also included which describes the design of the most
crucial piece of equipment used in these experiments, a sample probe. This

single coil, double resonance probe was specifically designed and built for

the experiments described in this thesis.
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CHAPTER 2

BASIC THEORY FOR THE
PHASE INTERFEROMETRIC EXPERIMENTS
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I. INTRODUCTION

In this chapter we present very briefly the theory behind the phase
interferometric experiments of Chapters 3 and 4. Actually, the underlying
principles are explained in great detail in those chapters, so we shall con-
centrate here not on minor points, but rather on the one fundamental, simple
concept that the experiments employ: the manipulation of quantum mechanical
phase, and its subsequent detection through interferometry. Chapter 3 and 4
approach the theory with a density matrix formalism, which is especially well
suited for spin systems in statistically mixed states. However, the phase
effects we discuss have their originc in quantum probability and not statis-
tical probability. Therefore we present the theory here in a different
manner, which is chosen for its pedagogic rather than its pragmatic qualities.
This method does not use density matrices, but rather ccnsiders the develop-

ment of a pure state quantum mechanical wave function.

II. The Theory

The "bare-bones" theory requires three quantum mechanicals states, ¢y
b5 and ¢3 These states are not degenerate, and the corresponding transition
frequencies Wyps Wogs and w3 are all assumed to be inequivalent. We can

write a general wavefunction, y(t), as

y(t) = cl(t)¢1 # cz(t)¢’2 + C3(t)¢3 (1)

where the Ci(t) are the complex amplitudes of the system to be found in the
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various states ;-

We assume the following initial conditions

I
e

cl(o) =
(2)
02(0) - C3(0) =0

which means that at time t = 0, our system is in the state ¢1. We now wish
to create quantum mechanical phase coherence between levels 1 and 2. This is
done by applying radiation at the "resonant" frequency wyp- We are careful
in this experiment to not disturb the 1 - 3 or 2 - 3 transitions. For sake
of simplicity we assume that this radiation is a 90° pulse, which means that
our system now has an equal probability of being found in states ¢1 or ¢,.
Another assumption we are making is that we are in the interaction frame of
the main Hamiltonian giving rise to the energy level structure, and thus we
will not "see" changes in the wavefunction due to this Hamiltonian. After
the 90° pulse, which we assume is short, our "new" initial conditions,

indicated by primes, are

51’(0) = CZI(O) -1

B

(3)
63,(0) =0

The system is now in a state which is a linear combination of states ¢ and
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¢2. Furthermore, there 1s a definite phase coherence between these states,

and we have chosen the difference in the phases of the two complex amplitudes

to be zero. We can perhaps understand this better by noting explicitly that

since the C1 are complex numbers, they can be written in the form

, = Ale‘“ (4)

o
|

= ael®
Cz Aze

& pah Y
C3 Aae

where the Ai are the strictly real and positive magnitudes of the complex
numbers, and the a, B and y are the phases.
Next we apply & second pulse of radiation to only the 2 - 3 transition,

by applying radiation at the frequency Wy g After a time 1 of this irradiation
our co-efficients are

)}
G =, . 5 5

Cy(r) = L cos(ar)

/2

C4(t) = =& sin(ar)

V2

where @ is a constant depending on the amplitude and the other details of the

radfation. Since application of this second pulse has not changed the phase
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of Cl, we can observe the change in the phase of C2 by comparison of the
difference in the phases of C1 and C, at time t = 0 and later at time t = 1.
Thus we have created phase coherence between levels 1 and 2, and then we
have modified that coherence by irradiating the 2 - 3 transition. The co-
efficient C1 serves as our reference in the detection of changes in 02.

The basis of all interferometric experiments in physics is that one cannot
observe the overall phase of a quantum mechanical wavefunction, but one can
observe relative phases of such wavefunctions. The experiments of Chapter 3
and 4 use this effect much more elaborately for a variety of purposes, but
at the real heart of it is this one simple concept.

The only other point we should elaporate on is how C1 is used as a
reference to measure changes 1in Cz. We do this by observing the expectation
value of some operator which connects ¢1 and bp- In the experiments of
Chapters 3 and 4, this operator is the transverse magnetization; however, in
the most general case, any such "off-diagonal" operator could be suitable.
(For instance, one can envision optical experiments utilizing the observation
of the electric field for the same purpose.) The result is that our expec-
tation value will be proportional to the product CICZ* or its complex conju-
gate. Thus we actually measure the quantity A1A2 cos{a -B ), which enables
us to see clearly how both the magnitude and phase of 62 have changed. In
the case of Equation 5 this means we are measuring the quantity % cos(Qt).
This leads to linear oscillation of our observable as a function of t. This
linear oscillation, which arises from quantum mechanical probabilities, is
seen in the experiments of Chapters 3 and 4, and it should not be confused

with linear oscillations in the dipolar modulation experiments discussed in
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Chapters 5, 6, 7 and 8, which arise from purely statistical probabilities.
The quintessence of the following two chapters is this one simple phase
interferometric concept. We reserve the explanations of the intimate details

of the particular experiments for later discussion in those chapters.
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CHAPTER 3

EXPLICIT DEMONSTRATION OF SPINOR CHARACTER FOR A
SPIN % NUCLEUS
USING NUCLEAR MAGNETIC DOUBLE RESONANCE PHASE
INTERFEROMETRY

(Chapter 3 is essentially an article by M. E. Stoll, A. J. Vega, and R.
W. Vaughan, entitled "Explicit Demonstration of Spinor Character for a
Spin ! Nucleus Via NMR Interferometry". This article has been sub-

mitted for publication to Physical Review A.)
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It has long been known that a particle of half-integral spin (a fermion)
exhibits spinor character, which means that it changes the sign of its quantum
mechanical wavefunction upon a 2m rotation, and that the phase factor comes
back to itself only after a 4n rotation. A particle of integral spin (a boson)
does not exhibit this behavior, and its phase factor comes back to itself in a
2m rotation. While any number of experiments done over the years implicitly
illustrate this concept, the first explicit demonstration came in 1975 when Werner,
et al.1 clearly showed the spinor nature of neutrons. Such experiments had

been suggested and discussed earlier (1967) by Bernstein2

and by Aharonov and

Susskinda. We would like to present here the results of a somewhat analogous

nuclear magnetic double resonance experiment which graphically shows the spinor

character of a spin % particle by observing the behavior under rotation of a

pseudo-two-level system. A similar technique could easily be used to study spinor

character for spin 3/2, 5/2, etc., by observing the behavior under rotation of

pseudo-4, 6, etc., level systems. Non-spinor character of spin 1, 2, etc., could

be studied by choosing pseudo-3,5, etc., level systems. In addition, this experi-

ment embodies concepts which could be exploited in a variety of spectroscopic areas.
To observe spinor character, one must observe

the phase of a wavefunction. However, this is difficult because

any measurement involves w*w, and thus the overall phase is unobservable. The

only way for us to "see" the phase is then by some form of interferometry,

i.e., by determination of the phase difference between the amplitude to be in

the given state and the amplitude to be in some reference state. In order

to measure this phase difference we must measure a physical observable whose

operator connects these same states, and furthermore, we must initially prepare

the system in a linear combination of these states. Thus, it is in the off-

diagonal elements of the density matrix that such relative phase information

is found and by doing experiments involving such off-diagonal elements that
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one can observe spinor character. Many previous experiments involving off-
diagonal matrix elements then can be used as implicit evidence of this behavior.
For example, the precession of a spin % particle in a strong magnetic field
furnishes such implicit evidence.

In the neutron experiment of wernerl

, et al., the relative phase infor-
mation was extracted by splitting a neutron beam into two parts and observing
how the diffraction pattern changed upon application of a 2m rotation to one of
these pafts. The change in the "beating" pattern then signaled the change in
the phase. In our experiment we have used the NMR analogue of interferometry.
For a spin in a strong magnetic field to have a transverse component of obser-
vable magnetization, it must not be in an eigenstate of the Zeeman Hamiltonian.
In fact, the direction that the magnetizationpoints in the x-y plane (the
external field is assumed along z) is the direct manifestation of the phase
difference between the various levels.

For the particular case of a spin % particle in a static magnetic field
directed along the z-direction, one has a two-level system where the spin wave-

function, Y, can be written as

i¢ id
ae 2 a4 be b

<
"

B

where o and B are the eigenstates with quantized angular momentum along the
i
a

z-axis (+ %hand - %hi, respectively). The complex coefficients, ae and

i¢
be b, are amplitudes for eigenstates o and B, respectively, where a and b are
chosen as real numbers with the normalization constraint, a2 + b2 = 1. The

z-component of the magnetization is Mza(a2 - bz), while the transverse components

are M« ab cos(¢, - ¢,) and M, = ab sin(¢, - ¢,)» and thus it is apparent that

observation of the transverse magnetization furnishes the phase difference,
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b0 = O but the absolute phases, i.e., either b, or ¢b’ are not determinable.
In order to perform the nuclear magnetic interferometric measurement, it is
necessary to "split" the spin into two components, each of which is a two-level
system and then to selectively perform a rotation on only one part. Then by
observing the interference between the two components both before and after the
rotation one can determine the overall change in phase of the rotated component
simply by using the phase of the unrotated component as a reference. This
"splitting" was accomplished in the neutron experiment by splitting the neutron
beam and spatially isolating it into two components which could be selectively
rotated, and the beams were then spatially recombined to observe the interference.
However, in the present experiment it was not necessary to split and isolate
the spin spatially since we could use the presence of a second, different, spin
to alter slightly the energy levels and thus accomplish the "splitting"
energetically, rather than spatially. That is, by choosing a system with coupled
pairs of spins, I and S, one naturally has a "split" system of two components;
one consisting of the states o and B for the S spin with the I spin in the

a eigenstate, and a second component consisting of the eigenstates o and B for
the S spin with the I spin in the B eigenstate. The coupling between the I

and S spins causes the transition frequencies of the S spin to be different for
these two components, and thus it is possible to selectively rotate only one
component and observe the interference effects.

The chemical system we chose for the demonstration was 91% 13C—enriched
sodium formate (NaCHOz) dissolved in 020 with a small amount of 1y impurity.
The 1H (I spin) and 13C (S spin) nuclei in the formate ion form a coupled
system of two spin % particles, and their energy levels are as shown in

Figure 1. The allowed transitions for the 1y between levels 1-3 and 2-4
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are inequivalent due to the presence of the secular part of a scalar coupling

13c

of the form J I . S, where J is the coupling constant. The inequivalent
transitions are between levels 1-2 and 3-4. This J coupling splits the
spectroscopic lines and thus allows one to selectively irradiate transitions.

The rf pulsing scheme is illustrated in Figure 2. The experiment
itself consisted of two parts. In the first part, we took a normal lH Fourier-
transform echo spectrum of our liquid sample. This consisted of applying a
short (2 psec) w/2 pulse to all the 1y transitions. A short (4 usec) W oo
pulse was applied at a time AT to create a spin echo at time 2AT (t = 0).

This was convenient for reasons to be explained later. The time decay was then
recorded from t = 0 and Fourier transformed to yield the top spectrum in

Figure 3. (Note that in this first part we have irradiated no 13C transitions.)
In this IH spectrum the symmetric doublet results from the scalar coupling
between 1H and 13C in the 91% of the formate ions which are isotopically
enriched with 13C. The splitting here has a value of J = 195 Hz. The small
peak at the center of mass of the doublet results from the 1H nuclei in the
remaining 9% of the formate jons which contain spinless 12C nuclei. The large
peak on the far right results from the lH nuclei in the small amount of HDO in
the DZD solvent.

In the second part of the experiment we repeated the scheme of the first
part but with one important addition. After the initial ly m/2 pulse we
applied a long (t = 26 msec) low-power, selective, 13C 2m pulse to only one
of the the 13C transitions (the g rotating field equaled approximately 10%
of the separation of the 136 lines). As before we recorded the spin echo
and Fourier transformed it to get the bottom spectrum shown in Figure 3. We

can see that the application of the selective 2m pulse to only one of the
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136 transitions caused the inversion of the peaks due to the 1H coupled
to the 136 in the formate ions. This fact is the direct result of the

1

fact that the 3C is a two-level system and that two-level systems behave

as spinors under rotation. (Note that the 1H peaks due to the lH not

coupled to the 13C did not invert.) To understand this, one can refer to
the energy level diagram in Figure 1. The effect of the initial n/2 pulse

1H 1-3 and 2-4 transitions was to place the 1H spins in linear

applied to the
combinations of the eigenstates spinup and down (a and B) with a definite phase
difference between them. This means that one has created linear combinations

of the states 1 and 3 and also of the states 2 and 4 (see Figure 1). Let the
phases of the amplitudes of the four states be ¢1, ¢2. ¢3, and ¢4. The sizes

of the 'H doublet peaks are then proportional tocos(qn1 - ¢3) and cos (¢2 - ¢4).
Tie phase difference between 1 and 3 and between 2 and 4 was then modified by
the application of a selective 27 pulse to only the 3-4 13C transition. (A 2n
pulse on the 3-4 transition is defined in the conventional way as one which
causes cos (¢3 - ¢4) to undergo one full cycle, i.e., A(¢3 - ¢4) = 2n.) However,
one wishes to know by how much ¢3 and ¢4 have changed individually. Since no
radiation was applied to the 1-2 transition, ¢1 and ) have not been altered,

and since the size of the 1

H doublet 1ines are a measure of cos (¢1 - ¢5) and
cos (¢2 = ¢4), one can use the fact that both 1H spectral lines inverted (see
bottom spectrum in Figure 3) to indicate that both b4 and ¢4 have each changed
by mw, i.e., a clear demonstration of spinor character.

With respect to more minor experimental details, a spin echo was used on
the proton system to furnish lH spectra that could be directly compared. Had
we not refocused the 1H magnetization with the u pulse, we could have observed

only the portion of the free-induction decay remaining after the end of the

rather long, selective pulse applied to the 13C system, and this would have
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produced anomalous effects, making comparison of the 1H spectra more
complicated. We set the length of the selective 130 pulse experimentally by

observing the 13

C NMR signal from a different sample containing an unsplit
13C spectrum.

We note that the two peaks of the doublet in the bottom spectrum of
Figure 3 do not have quite the same émp1itude. This effect does not have a
trivial explanation, and it appears that the difference in amplitude is due to
relaxation. When a spin system has been prepared in a state not in thermal
equilibrium, as ours has been, the various density matrix elements relax with
characteristic times. The diagonal elements relax with time constants which
are normally called Tl‘ A recent publication shows a clever way to measure
all of these diagonal relaxation times, in the same system as we are using4.
Off-diagonal elements relax with time constants called T2' Usually, only
relaxation times of off-diagonal elements corresponding to magnetic-dipole-
allowed transitions contribute (e.qg., T2 of the 136 is the relaxation time
of elements 12 and 34, while the proton T2 is that of elements 13 and 24).
However, in this experiment, during the long 2m pulse, the spin system spends
part of its time in states that are linear combinations of states 1 and 4 and
states 2 and 3. These correspond to magnetic-dipole-forbidden transitions.
The amplitudes of the two inverted lines in Figure 3 are therefore partially
determined by the relaxation rates of the normally not observable elements
14 and 23. Since the two peaks of the doublet have different amplitudes, these
two Tz's are not equal. (The 14 and 23 relaxation rates are
of special interest since they can depend on the cross-correlation between
the fluctuating local fields at the two nuclei.) Thus, we are now able to map

out all the relaxation times of the complete density matrix of a system 1like
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this. We will discuss this somewhat specialized spectroscopic idea in great
detail in a later paper.

As mentioned earlier, this technique could be generalized to show
explicitly the behavior of spins greater than % under rotation. As an example,
we could consider a system where a spin 1 (e.qg., ZH,GLi, 14N) is scalar coupled
to a spin % (e.g., 1H, 130, free electron). Provided the three energy levels
of the spin 1 were equally spaced, we could accomplish a rotation of the nucleus
as a whole by irradiating at the single resonance frequency. The presence
of the spin % would split this resonance line into a doublet, and the spin %
spectrum would be a triplet. By first applying a w/2 pulse to all of the three
spin % transitions and then selectively applying a 2n pulse to only one of
the lines in the spin 1 doublet, one would see the spin % triplet not invert
but rather remain upright. A selective w pulse should cause an inversion,
however. This is because a spin 1 does not exhibit spinor character. Thus,
by choosing systems carefully, one should be able to examine spins with many
different numbers of levels, and thus observe the spinor or non-spinor behavior
of these systems. It is, in fact, just a property of Hilbert space that
systems having an even number of levels behave as spinors and systems with odd
numbers of levels behave as non-spinors. Would, for instance, in the above example
the three levels of the spin 1 not be equally spaced due to quadrupolar interaction,
then only transitions between one pair of levels might be irradiated by one
pulse,and this two-level system would behave as a spinor. 50 it is because
fermions have an even number of levels and bosons have an odd number that they
behave as they do. A demonstration of the spinor behavior for a 13C as we
have shown, is in fact valid as a demonstration for all two-level systems, of

which spin % particles are particular examples.
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Although used here for the demonstration of the spinor character of a
spin % nucleus, the basic interferometric spectroscopic technique demonstrated
here should have much wider applicability. In general, it is applicable whenever
we have a system with two or more inequivalent transitions having one quantum
mechanical level in common. An obvious application could involve indirect
detection of low magnetogyric ratio spins, where this technique can have a
signal-to-noise advantage over schemes which depend on diagonal elements of

the density matrix, since the 1

H spectrum is totally inverted independent of

the ratio of the two magnetogyric ratios (related phase effects have been
observed in a different context by Ferretti and Ernsts). The scheme can, in
addition, be applied to a variety of spin systems; for example, inequivalent
transitions with a common level could be formed by interaction of two nuclear
spins, by electron-nuclear spin interactions, or by magnetic dipole and electric
quadrupole interactions of a particle with spin greater than %ﬁ With only
slight additional complication, one can envision experiments developed using
concepts of recently published schemes for extracting geometrical and

7’8, which would allow one

orientational information in polycrystalline solids
to obtain comparable information on such quantities as the electric field

gradient at a nuclear site.
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Figure Captions

Figure 1.

Figure 2.

Figure 3.

Energy level diagram for two weakly coupled inequivalent spin %
particles (13C. 1H) in a strong magnetic field. The o and g represent
the two eigenstates spin up and spin down of the spin % particle.

The first Greek letter represents the state of the 1H spin and the
second represents the state of the 13C spin, so the two 1H transitions
are shown with single arrows while the two 136 transitions are shown
with double arrows. The numbers 1, 2, 3, 4 are used to refer to

the various energy levels or to the eigenstates to which they
correspond. The relative Zeeman energies for 1y (56.4 MHz) and

13¢ (14.2 MHz) have been drawn-to scale, but the effects of the weak

coupling have been greatly exaggerated for emphasis.

Radiofrequency pulse sequence used. A w/2 pulse and a w pulse were
applied to the 1y transitions and the resulting spin echo was
recorded from time t = 0 for Fourier transformation. The spectrum
was obtained first with no 13¢ irradiation (t = 0) and second with

a selective 2m pulse (1t = 26 msec) applied to only one 13(: transition.

1H Fourier transform NMR spectra explicitly showing spinor character

13

of a spin % particle. The top spectrum involved no ““C irradiation

while the bottom spectrum utilized a selective 2r pulse applied to
only one 130 transition. The splitting of 195 Hz is between the
two peaks of the doublet due to weak scalar coupling of the 14 and

13C in the formate ions containing 13C.

1

The small peak at the

center of the doublet is due to "H in formate ions containing 12C,
while the large peak at the far right is due to the small amount of 1H

in the solvent.
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CHAPTER 4

NUCLEAR MAGNETIC DOUBLE RESONANCE PHASE INTERFEROMETRY:
RELAXATION TIMES FOR DIPOLAR FORBIDDEN TRANSITIONS AND
OFF-RESONANCE EFFECTS IN AN AX SPIN SYSTEM

(Chapter 4 is essentially an article by M. E. Stoll, A. J. Vega, and R.
W. Vaughan, entitled "Double Resonance Interferometry: Relaxation
Times for Dipolar Forbidden Transitions and Off-Resonance Effects in an
AX Spin System". This article has been submitted for publication to

the Journal of Chemical Physics.)
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I, INTRODUCTION

This paper presents a detaf]ed analysis of the application of a
recently presented interferometric spectroscopic technique(l) to a model AX
spin system. The density matrix for such a coupled spin % system is a four-
by-four matrix, and when such a spin system in a strong magnetic field is
prepared in a nonequilibrium state, the subsequent relaxation of the system to
thermal equilibrium can be described by the decay of the elements of the density
matrix, where the diagonal elements relax with characteristic time constants,
called Tl's. and the off-diagonal elements relax with characteristic time constants
called T2'5(2'3). The determination of all of the Tl's requires a sequence of
experiments, and this has been discussed recently in detail for an AX system by
Mayne, Alderman, and Grant‘q). while measurement of the off-diagonal relaxation
rates corresponding to magnetic-dipole-allowed transitions involves application
of a standard Carr-Purcell sequence. This leaves off-diagonal rates corresponding
to magnetic-dipole-forbidden transitions to be measured, and the present paper
presents a simple method for direct measurement of these remaining relaxation
rates. These rates are of particular interest since they can contain cross-
correlation information about the fluctuating fields at the sites of the coupled
A and X nuclei. In our review of the literature we have found no reports of
previous efforts to measure these relaxationrates in coupled spin % systems,
although we do want to call attention to an effort to detect such dipolar-
forbidden transitions by a multiple step excitation process, and that effort
involved a spin 5/2 nucleus, 2/Al in A1203(5).

In addition, the analysis of off-resonance phase effects measured in the
spectra demonstrate that one can use such an interferometric scheme to measure

indirectly the resonance frequency of one of the coupled nuclei by observation of
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the spectra of only the second nucleus. The limiting precision of such an
indirect measurement will be shown to be equivalent to that of a direct mea-
surement. This could be of use when the magnetogyric ratios of the two

coupled spins differ by a large amount,and the direct observation of the nucleus
with the smaller magnetogyric ratio is made difficult by poor signal-to-noise

conditions.
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I1. DESCRIPTION AND EXPLANATION OF THE EXPERIMENT

A. General Description

The system we chose for this experiment was a conventional AX(13C - 1H)

system where both nuclei are spin %. The 13C (S spin) and 1

H (I spin) were
in a liquid and were weakly coupled to each other via a scalar coupling of the
form J I . §. Since the sample was in a strong magnetic field, oriented along
the z-axis, only the secular part of the scalar interaction, J Iz Sz.contributed
to first order to the energy level spacings for this system. An appropriate
energy-level diagram is shown in Figure 1. The four levels are the eigenstates
of the Zeeman Hamiltonian corresponding to oa, aB, Bx, and BR, where the a and
g represent the spin "up" and "down" states with the z-component of angular
nomentum equal to %#fiand - % #fi, and the first Greek letter refers to the I
spin while the second refers to the S spin. Note that the secular part of
the scalar interaction alters the energy levels slightly (exaggerated
considerably in Figure 1 for purposes of explanation), thus giving rise to
four inequivalent magnetic-dipole-allowed transitions. The 1H NMR spectrum
is a doublet corresonding to transitions 1-3 and 2-4 (single arrows), and the
13C spectrum is also a doublet corresponding to transitions 1-2and 3-4 (double
arrows). This doublet splitting is crucial for the present experiment since
it enables us to selectively irradiate certain transitions.

The experiment is shown schematically in Figure 2. First, we apply a
nonselective n/2 pulse (2 pusec) to both the proton transitions. Then immediately
after the n/2 pulse we apply a low-power, selective pulse of length t to only

one of the 13

C transitions. At a time AT after the original proton n/2 pulse
we apply another nonselective w pulse (4 psec) to both proton transitions, causing

a proton spin echo to be formed at time 2AT. The decay taken from time t = 0
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(at the middle of the echo) is recorded for Fourier transformation (FT). The
five spectra shown in Figure 3 are such FT spectra for values of v = 0, 28, 56,
84, and 112 msec. The top spectrum, for which v = 0, corresponds to a conventional
spin echo pulsed NMR-FT proton spectrum. The sample was a solution of 91%

13C-enr‘iched sodium formate (NaCHOz) dissolved in 020 with a small amount of

lH and the 136 in the enriched formate ions that comprise

1H impurity. It is the
our AX spin system and give rise to the symmetric proton doublet split by
J = 195 Hz. The small peak at the center of the doublet is due to the protons

12C. The large peak on the

in the 9% of the formate ions containing spinless
far left is due to the small amount of proton impurity in the DZO' When
preparing the solution, no efforts were made to remove dissolved oxygen.

When looking at the spectra of Figure 3, two effects stand out. First,
we see that the amplitude of the formate doublet actually goes to zero, then
negative, back to zero, and finally positive again. Secondly, the amplitudes
of both members of the doublet do not remain the same. The former effect can
be explained completely by the spin dynamics of the system(l) while the latter
effect can be explained only by invoking relaxation phenomena. Therefore,
in order to understand the results of this experiment, we must theoretically
understand the spin dynamics of such a system first without, and later with,
relaxation effects taken into account.

B. Spin Dynamics Ignoring Off-Resonance and Relaxation Effects

We first examine the spin dynamics of our experiment, ignoring relaxation
effects as well as effects of the 13C selective pulse being “off-resonance."
There are, in fact, two such off-resonance effects to be ignored. The first
is the possibility of the selective r.f. radiation being at a slightly different

frequency from the 13C transition frequency. The second is the possibility
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that although the selective radiation is weak, it still is strong enough to
somewhat disturb the other 13C transition.

Before we apply the first pulse, we assume that our spin system is in

thermal equilibrium and that it can be described by the following 4 x 4 density

matrix:
A0 0 0
0 B 0 0
: 1
Pequil o 0 ¢ 0 ()
0 0 0 D

where the basis states are chosen to be the states 1, 2, 3, and 4 of Fiqure 1
(act, aB, Ba, and BB, respectively). Note that the off-diagonal matrix elements
are zero, meaning there is no statistical phase coherence in the system and,

furthermore, in the high temperature approximation
A-B=C-0D (2)

As usual, the observable 1H and 13C magnetizations are proportional to the
expectation values of the dimensionless spin operators, I and S. The
expectation values for I and S corresponding to the various observable

magnetizations are related to the density matrix elements as follows:

<I13 = Re py3 v <Iy2oq = Re by,
13 ™ <In g r <lyPaq = -1M oy
<l >

2213 7 Py = p3z) s <Ip>p, = k(py, - pgy)
(3)

12 = Be pyp  Sy73q = Re Py
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Sy¥pe ~ ~ineg » <Sy>3q = -Impgy

S22 = hlegy - Ppp) 0 <5234 = %leg3 _ pgy)

Because of the hermiticity of the density matrix, Repij = Repji and

lmpij = -Impji. The subscripts refer to particular levels between which
transitions give rise to observable magnetization. Because of the scalar split-
ting, we can distinguish between the transverse magnetization <Ix>13 and
<Ix>24’ etc. Each corresponds to one of the peaks of the doublet. However,
since we do not know the sign of J, we do not know which magnetization
corresponds to which peak. Fortunately, this is no serious drawback, and we
will say more about this point later in the paper.

Initially, since the off-diagonal elements are zero, there is no
transverse magnetization. The purpose of the proton m/2 is then to create
some transverse magnetization and phase coherence. After the /2 pulse,
(assumed to be along the x-axis of the proton rotating frame), we have the

following matrix, making use of Equation (2) and ignoring effects due to the

finite width of the pulse:

& E
L(A+C) 0 Li(A-C) 0
0 15(B+D) 0 i (A-C)
p(0) = (4)
-%i(A-C) 0 15(A+C) 0
0 -%i(A-C) 0 }(B+D)
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The Hamiltonian acting on the system during the weak 130 pulse is
(for i = 1):
H=wIIz+mSSz+JIZSZ+2wISxCOSmt (5)

where we have chosen the pulse to be along the x-axis of the 13C rotating frame.

13C, w is

The frequencies wy and w, are the Larmor frequencies of the 1H and
the frequency of the 13C pulse, 2“1 is its amplitude, and J is the scalar
coupling in radians per second. We now analyze this by transforming to a doubly
rotating frame in which the Hamiltonian is static, by choosing to go to the

interaction frame of:

Hy = UJSZ + wp IZ (6)

where Wy is the reference frequency of the phase detector we used to detect
the proton traverse magnetization. After transforming to this frame we have

the following Hamiltonian

':
H Awl_+ %0 SZ+JIZSZ+UJ

z SX

1

Aw=wl—wp (7)
DJS—(U=!§J

ignoring the counter-rotating r.f. component as usual. The density matrix

p is also taken to be in this same rotating frame, and for the sake of
simplicity we will not use any special notation to indicate this. Equation (4)
is still correct because we have assumed the lab frame and the interaction
frame to be coincident before the n/2 pulse, and we are justifiably assuming
the pulse is short enough to ignore effects during the pulse. The density

matrix evolves in time according to the Liouville equation:
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acP =1 [p-HI] (8)

[=9

Using Equations (7) we have the following matrix for y':

3 (J+Aw) 35011 0 0 -1
it - (9)
0 0 ~Aw %ui
0 0 &wl -1 Aw
- y

The first kind of previously mentioned off-resonance effect was ignored when

we chose w - wg = % J, from Equations (7), because the 13

C radiation is being
applied right "on" one of the resonances of the doublet. The second kind of

off-resonance effect is ignored by assuming that
] [}
J >> g, or | 11 - H 22[ >> Hl12 (10)

This approximation means that the r.f. perturbation is so weak that it does
not mix levels 1 and 2, thus we set Hllz = H'21 = 0. However, levels 3 and 4
are still very strongly mixed by the 13(: pulse.

Because this experiment involves observing only the I transverse magne-
tization, gquations (3) show that it is sufficient to calculate only p,4
and P24 (or P31 and p42), and thus we shall only worry about determining these
matrix elements. Using Equations (8) and (9) we can write the following

differential equations, and their initial conditions using Equation (4):
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Py3 = =1 (d + Bw) g5 + 132 0y
Prg = -1 () + Aw) pyy + 1 % w) ppy
(11)
523 = j (%J = A“) p23 +ik wl 924
py3 (0) = g (0) =% i (A-C)

914 (0) = 923 (0) =0
Solving these equations, we can determine the relevant matrix elements at
the end of the *3C pulse of Tength t

-i(%) + Aw)t
i1 (A-C)e cos(% wlT)

Py (1)
13 (12)
i(%d - dw)T
Poa (t)=%i(A-C)e cos (s ml‘r)

The time evolution of the density matrix from the time t through the
m proton pulse at AT, which we take to be along the x-axis of the proton
rotating frame, and finally up to the middle of the echo at 2AT, is quite
straightforward to calculate, and we merely state the pertinent results:

i} + Aw)T
931 (ZAT) = e 913 (T)

L

(13)
~i(%d - Aw)t
P42 (2aT) = e Py (1)
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Thus, from Equations (12) and (13), we have

P31 (2aT) =% i (A - C) cos (%mlt)

(14)
P42 (2aT) =% i (A - C) cos (%mlT)

We can then use Equations (3) to compute the transverse proton magnetization of

1

the two peaks in the “H doublet

<Iy (ZAT)>13 <Iy (2AT)>24 <Iy (2AT)>T=0 cos (%mlT)

(15)

n
"

<l (2AT)>13 <L, (2AT)>24 0

where <Iy(2A'l')>1,=0 is just the magnitude of the transverse magnetization at 2AT
(the middle of the eche) for the case in which ¢ = 0 (no 13 irradiation). Thus,
we see that the effect of our selective 13C pulse is to cause the proton
magnetization to oscillate sinusoidally with a frequency of %wl. So by choosing
the length of T to correspond to a normal 2m pulse (wlr = 2m) we see that

effect is to multiply the amplitude of the proton doublet by cos (w) = -1.

This effect is the manifestation of the spinor character of the pseudo-two-
level system composed of levels 3 and 4, and this phenomenon has been discussed
in detail e]sewhere(l). The spectra in Figure 3 were taken for values of t
corresponding to values of wyT = 0, mw, 2m, 3w, and 4n. Note that after a full
4w rotation the phase of the proton magnetization has come back to itself

again, which is further consistent with spinor behavior. Thus, we can see

that this idealized spin dynamical approach can at least explain the

oscillatory behavior in Figure 3. However, we need to understand quantitatively
the amplitudes of both members of the doublet, and this can only be done by

appealing to relaxation effects.
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By examining Equations (15), one notes that the magnetization linearly
oscillates rather than precesses. By looking at Equations (11) we see that
the matrix elements P13 and P14 are coupled, as well as Ppg and pyy.  Solving
for P14 would show that pl4sxsin (%mlr); therefore, we see that P13 and P14
are mutually oscillating and when one has a maximum, the other is zero,

and vice versa. According to the definition of the density matrix:

D.Ij = C; C.; (16)

where Ci and Cj are the complex quantum mechanical amplitudes for the system

to be in the states i and j, and the bar represents the mixed state which

results from taking a statistical ensemble average over the system. Thus,

we see that when P14 7 0, statistically our system is in a linear combination

of states 1 and 4. This, in turn, means that there is phase coherence or
"magnetization" corresponding to the forbidden transition 1-4. The reason

we do not see this magnetization is twofold. First of all, since it is magnetic-
dipole-forbidden, the process is second order and the probability of the
transition is correspondingly low. Secondly, the 1-4 transition frequency is

at about wy + w., and we would have to make our phase detection reference

5

frequency w_, closer to this "double quantum" frequency in order to observe this

P
magnetization. Similarly, Pog and P23 form a complementary pair of oscillating
variables, and p23f0 implies phase coherence between the levels 2 and 3, which
corresponds to a magnetic-dipole-forbidden "flip-flop" transition. In
anticipation of our later discussion of relaxation effects, we mention that if
the off-diagonal element P14 relaxes with a different rate than pr3» We

would expect the amplitude of the 1-3 peak of the doublet to be different from
the prediction of Equations(15). This is because for ¢ # 0, the system

has a probability of being in a linear combination of states 1 and 4 as well
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as 1 and 3. Thus, the ratio of <Iy(ZAT)> to <1y(2¢3T)>_r could be either

=0
smaller or larger than that predicted by Equations (15), depending on whether

or not the relaxation rate of P14 is faster or slower than the relaxation rate

of py3- Again, similar statements can be made about the rates of Pog and p,3.
Thus, by attempting to quantitatively fit the amplitudes of the peaks of the
formate doublet for different values of ¢, we can in fact determine the relaxation
rates of the density matrix elements p,, and ppg In the next section we

pursue the effects of being "off-resonance" on the 13C frequency, while still
ignoring relaxation. We will see that these "off-resonance" effects cannot
explain the fact that the doublet does not remain symmetric.

C. Spin Dynamics Including Off-Resonance Effects but Ignoring Relaxation
Effects

As mentioned earlier, there are two important "off-resonance" effects
of the selective 130 pulse to be considered. These both fall naturally out
of the mathematics, if we choose the proper interaction frame. We start with
the same Hamiltonians as those in Equations (5) and (6); however, we will
choose our frequency of 136 irradiation, w, slightly differently. In this
case Equations (7) must be modified so that now after transformation to the

interaction frame, we have the following remaining Hamiltonian:

HI

n

Aw Iz + (%) + Sw) SZ +J Iz SZ + wy Sx

bw = wy - wp (17)

wg = w = 5+ Sw
Therefore dw is just the difference in frequency between the applied 13C

radiation frequency and the frequency of the one member of the doublet we are
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intending to irradiate, and thus 8w measures an "off-resonance" effect.

Using Equations (17) we can now write the matrix representing H'

. -
L(J+Sw+Aw ) %ui 0 0
5wy g J st ) 0 0
H' = (18)
0 0 L(Sw-Aw) iiu)l
0 0 )
L .

We can examine the other type of 130 "off-resonance" effect by not
making the assumption of Equation (10). Therefore, we are saying our 136
radiation is substantial enough to somewhat disturb the other member of the
13C doublet. Thus, it is no longer necessary to assume that J >> %ﬂl, and
we are not so far "off-resonance" from the other 136 transition that it is
irrelevant. So proceeding with this in mind, we can use Equation (18) and
the Liouville Equation (8) to get the following set of coupled differential

equations:

613 S ("JJ 2o AUJ) p13 + 1 5’2<.u1 (914 i 023)

prg = =1 (e + tw + swloyy *+ 1 %y (py3 = pay)
: (19)

Poq = 1 (20 - dwlpyy + 1 %0y (py3 - p1g)

Ppg = 1 (29 - Mt Gu)pyy + 1 kg (pg - py3)
The initial conditions for P13* P1as Pogs and Pyg are identical to those in

Equations (11) . The solution of this set of equations is rather tedious, but

the important matrix elements can be shown to be:
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-jAwt
013(1) = L(A-C) e {i(a cos Q. + c cos Q1) + (b sin 2,1 + d sin Q 1)}

=i AwTt (20)
024(1) = L(A-C) e {i(a cos Q,T + c cos 2 1) - (b sin QT+ d sin @ 1)}

where we have

2 4 4
gi = _l.{(%q + (%-+ 5m)2 + wlz * [{%J + (%-+ Sw) + w14
V2 (21)
2 5 5

2 2 2 2 2
—2) o) v2 @) w0 +2w (Frew) 1)

where @, refers to the top sign and @_ refers to the bottom sign. Also, we

have the following values for a, b, ¢, and d in Equations (20):

2
a?-
a=
n_i - 9+2
2
J
c:i)__:f:m
e
- (22)
2 7
i ? =3 =w, )
- e 2 1
b= TN
Q, (2.°-9°)
2 2 2
J J
) G IG) +tw -9 1
¢ 2 @°%-a2%
e
The following relations also hold true
a+ c=1
(23)
ab+0d=3
+ - 2
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After the 136 pulse ends, the density matrix evolution is identical to that
in Equations (13). Then using Equations (13), (20), and (3) we compute the

proton transverse magnetization at 2AT to be
. : J
<Iy(2AT)>13 = <Iy(2AT)>24 = *:I.y(ZAT){t,_,0 {(b sin .1 + d sin Q_1)sin(5T)

+ (a cos Q.1 + ¢ cos Q_t) cos (% 1)}

(24)
" 2 J
<Ix(23T)>13 = _<Ix(2AT)>24 = <Iy(2AT)>T=0 {(b sin @,t + d sin Q_T)cos(§1)

- (a cos .1 + ¢ cos Q_1) sin (% ) }

where <Iy(2AT)>T=0 is again the amplitude of either of the peaks of the
doublet for the case where 1 = 0. Notice that the y-components of the
magnetization of the proton doublet are identical, while the x-components
merely differ by a sign.

Careful examination of Equations (24) tells us several important things.

First of all, we see that neither of the 13C b

off-resonance" effects we have
considered can possibly lTead to the discrepancy in the amplitudes of the peaks
in the doublet of the spectra in Figure 3. Any such off-resonance effects

may alter the overall amplitudes of the peaks as well as introduce dispersion
to the peaks, via the x-components, but the two peaks must remain mirror
images of each other in the spectrum. Because of this, we can then rule out
magnetic field inhomogeneity as a possible cause of that discrepancy.

Magnetic field inhomogeneity can be treated by summing a distribution of

peaks being off-resonance by different amounts. However, any distribution of

frequency would still lead to overall lineshapes for the two peaks which are

mirror images of each other, thus ruling this effect out as a possible
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explanation. Also we can precisely determine &w, and consequently, the

resonance frequency of the 13

C line by observing the effects of dispersion
on the lineshape.

The full behavior of the functions in Equations (24) is quite involved.
However, we can look at certain limiting cases to separate the two kinds
of off-resonance effects. To try to understand the first type of off-resonance
effect where the 13C radiation is slight "off" the intended frequency, we

can take the 1imit of Equations(24) in the case where we assume the approximation

inEquations (10) to be valid. In this case Equations (24) become:

<Iy(2aT)>13 = <Iy(ZAT)>24 = <Iy(2AI)>T=0 {cos (% «blz + 5w27) cos(Q%l)

Sw /
g w12 + 6w’ 1) sin (R

w12 +6m2

(25)

<L (28T)> 3 = =<1, (20T)>p, = <1, (28T)> o fcos (' fo? + 6w? ©) sin (84L)

Sw
- ——sin (% ,/mlz b 5w2 T) €OS (6%))

w12 + (5&)2

For the case where &y << wys We see that Equations (25) are the same as thase
of Equations (15) except that there is a phase error of §wtr/2 introduced into
the peaks. Thus, both peaks have the same amount of dispersion mixed in, and

the sign of that dispersion is opposite for the two peaks. We note that we

13

can use this effect to our advantage in determining the position of the "°C

1

resonances. We could arbitrarily increase t until any 3C off-resonance, 8w,

no matter how small, would lead to noticeable phase changes in the proton spectrum;
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however, an upper limit on 1, equal to approximately the inverse of the 13

C
linewidth, effectively limits the resolution of §w to the 13(: linewidth.
Thus, this indirect method of determining the position of the 130 resonance
seems to be superior, in this case, to other methods such as spin tick]ing(ﬁ),

13c

whose resolution is ultimately limited by the proton rather than the
linewidth.

The second type of off-resonance effect, in which we take into account
the effect of weakly irradiating the other member of the l3{: doublet, can be
examined by assuming that

Sw =0 (26)

but not making the assumption of Eguations(10). Taking the subsequent
limiting case of Equations(24) expanded to second order i. the parameter

X = mlld, we have the following
<Iy(2AT)>13 = <Iy(2AT)>24 = <Iy(2AT)>T=0 {cos (%mlf) [COS[(%wlT)(%X)]
%2 sin [(%T)(l + 1:x%)] sin (%1)]

+ x sin (1) sin [(-g-r)(l + 15x%)] cos (%-r)}
(27)
<IX(ZAT)>13 = -<Ix(2AT)>24 = <Iy(2AT)zr=0 {cos (%mlT) [sin[(%mlT)(%x)]

2

-3x“ sin [(%r)(l + 1x%)] cos (%r)]

- x sin Caagr) sin (G + 98)) sin (o))

Thus, we see for the case of x << 1 (or wy << J) that Equations (27) are the
same as Equation (15) except that there is a phase error of(mlrlz)‘(xIZ)

introduced into the peaks. Thus, again both peaks have equal and opposite
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amounts of dispersion mixed in. If we intend to use the first type of off-

resonance effect to find the 130 resonance position by observing the amount

of dispersion mixed in, we must take into account also this other phase error

due to the second type of off-resonance effect. This does not hurt our resolution

of the 130 resonant frequency, but it does mean that we must subtract off this

second effect. Although we do not show the results here, computer calculations

of Equations (24) indicate that if both types of off-resonance effects are

present simultaneously and they are both small, their phase errors will, in

fact, merely add linearly rather than combine in some more complicated manner.
Thus, it seems that the detailed spin dynamics of the experiment, taking

off-resonance effects into account, seem to provide the necessary insight to

use this technique as a very accurate, indirect method of determining the 13

c
resonant frequency. However, only in the next section, where we investigate
the effects of relaxation, can we quantitatively fit the measured peak

amplitude to theoretical calculations.

D. Spin Dynamics Including Relaxation Effects but Ignoring Off-Resonance
Effects

In order to make the relaxation calculation more tractable and more

f 13

easily interpretable, we have chosen to ignore both types o C off-

resonance effects in this section. According to Redfield's theory of re]axation(z).

we can include relaxation effects by assuming that we have a modified

Liouville equation:
d - 1 l__ (28)
at Pmun = TlPoH Iy - L Pmn (m #n)

Since the relaxation times are long compared to 1/J, we can assume that the

damping term in Equation (28) for off-digonal matrix elements depends only
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on the same matrix element appearing on the left-hand side of Equation (28).
Each different matrix element, [ however, is assigned its own rate constant,
lle“. This condition of Tmn >> 1/J merely means that we do,in fact, have

a well-resolved proton doublet to begin with. Furthermore, the requirement

is that the real relaxation time Tmn >> 1/J and not the apparent Tmn* >> 1/J
where Tmn* is the decay constant taking magnetic field inhomogeneity into
account. Thus, this criterion is easi]i satisfied in our experiment.

Next, by using Equations (28) and also Equations (11), which are the ones
appropriate for ignoring off-resonance effects, we can determine the following

differential equations:

pr3 = -1 (20 + Aw)pyq + i 'y P14 - '173 P13

bra = =1 (59 + mwloyg + 10wy 013 - 1, P1g

pog = 1 (2 - dwlogy * 1 2wy ppg - %4 P24
1

pp3 = 1 U2 d = dulopy * 150y pgq - 1 P23

Again, the initial conditions are the same as in Equations (11). The relevant
matrix elements can then be determined to be

R e R
p13(t) = %i(A-C) e e T3 T

1 - 1
T Tz
x {cos[% .412 e = gl T
13 14 s
13 14
2 1 1 .2
sin Paloy” - (- -7 1}
d T13 Ty
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10s0-d)t 57 + £

L
x {cos[% «{;2 _(Tl_ . Tl—dz'r]+ 23 ‘24
26 '23 Az L1y

As in the other cases, the Equations (13) for the evolution of the density

matrix after the 13C pulse are still applicable. Then by using Equations

(13), (30), and (3), we get

1

e S
<Iy(2AT)>13 = <1y(26T))T=0 e 15(']'14 T13)T {COSP& ‘412 _ (TL . ___rl_)2 1)
14 13
L1
T T
¥ L = sin[k #ﬁ;z - o Tl—}z 1)
A2 (A 142 14 T3
g™ = Ay T
14 13 (31)
<I (2 = EV S //,2 1 1.2
y( AT)>24 = <Iy(2AT)>T=O e T23 '['24 {cos[% " - (T_ - T_) 1]
23 24
(- - L
T23 il

+

24 . 2 i 1.2
T sin[% Jéz - (Tr—-- T__) 1]}

Aﬂlz -

5
Toz  Toq
<Ix(2AT)>13 = <Ix(2AT)>24 =0

where we note that <Iy(2AT)>T=O now implicitly  includes an overall relaxation

term exp (—2AT/T13).
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After examination of Equations (31), we see that the effects of the

relaxation are three-fold. First, we see that there is an exponential damping
or increasing of the amplitude of the peak, depending on the difference of

the two relaxation rates. For the caseof‘<1y(2AT)>13 we see that the crucial
quantity is (1/T14 - 1/T13). If the two time constants T,, and T,4 are

equal, then we see no effects and the magnetization is the

same as that in Equation (15). If, however Tiq < Ty3» then there will be a
damping 6f the amplitude; and if T13 < T14. then there will be an increase

in the peak's amplitude. The second effect of the relaxation is to alter

the oscillation frequency; however, this effect is second order in the
parameter R13 = (1/T14 - 1/T13)/m1. The third effect of the relaxation is

to introduce a first order (in R13) term which oscillates 1ike sine rather
than cosine. The main effect it has is to uniformly translate the zero-
crossings of the amplitudes as it effectively introduces an overall phase
error into the oscillating term. This phase of the oscillation is not to be
confused with the dispersion- related phase discussed extensively in Section II C
of this paper. Although we have not calculated in detail the effects of

relaxation and 13

C off-resonance effects simultaneously, we feel that we
can safely predict the results for small off-resonance parameters by a linear
combination of the dispersion phase errors predicted by Equations (25) and
(27) and the magnetization predicted by Equations (31).
Fitting the measured amplitude of the peak to the theoretical Equations (31)

can yield a value for R13. and knowing wy and T,,, thiswill

13
then yield the relaxation time T14. A similar procedure for the other peak

will subsequently yield T23 if we know T24. It seems reasonable to assume that

Tag = Tog = ATpdy (32)
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where this just means that the relaxation time constants of the two members of
the proton doublet (corresponding to the allowed transitions 1-3 and 2-4) are

the same. Furthermore, since these are just the conventional proton Tz's

of such a system, we call these times (TZ)I'

In the next section we quantitatively compare theory and experiment
and determine values for T14 and T23. We also look briefly at some data

which show off-resonance effects discussed in Section II C.

I11. PRESENTATION AND DISCUSSION OF RESULTS

A. Relaxation Data

In this section we first compare the spin dynamical theory including

relaxation, of Section II D, to experimental data. First, we need to rewrite

Equations (31) in a stightly more usable form

<Iy(2AT)>13
e g R Fenslin - Ry42) + ——— sin(40 A-R ,2))
<I_(2AT)> _ ? 13
y =0 -R
13
(33)
<I_(2AT)> R
¥ 24 24
= e'%eR24 {cos(%0 /1-R BY e sin(%0 /i-R242)}

s 24 N
<
1,(28T)> g “Roy’

where we have now normalized the amplitude of each peak to the value for the

case of 1 = 0. The parameters in Equations (33) have the following values

0 = mlT
= ik 1 1 1 1
Rn=di-(L_o 1y.1 1 1
B e T (714 T (34)
1,1 1, 1 )
Ry, =L (bl -ly-1 (1 (1
28wy o3 Tpg' o wy iy
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The assumption of Equation (32) has been used to justify the substitutions
for T13 and T24 in Equations (34) above.

In Figure 4 we have plotted experimental data and the theoretical Equations
(33) for various values of the R parameters. Figure 4A shows the experimentally
measured amplitude of the peak of the proton formate doublet which was not
attenuated for long values of 7 (the right-most member of the doublet in
Figure 3). Figure 4B shows the experimental amplitudes of the other peak of
the doub1ef which was strongly attenuated for long values of 1t (the left-most
member of the doublet in Figure 3). 1In both Figures 4A and B the ratios of
the amplitudes of the doublet peaks to the amplitude for the special case of
t = 0 were plotted in order to facilitate direct comparison with Equations (33).
Amplitudes were determined from areas of the experimental peaks, and
norma lization was acconplished by comparison of the 1H impurity peak.
The triangles indicate data points for experiments where the echo time, 2aT,
was chosen to be 90 msec while the circles indicate data points for experiments
where 2AT was chosen to be 280 msec. In all experiments, the same value for
the strength of the 13C r.f. pulse, wy, Was used.

The question now arises as to which of the theoretical Equations (33)
corresponds to which of the doublet peaks. The ambiguity arises because we
do not know the absolute sign of J; hence, we cannot be sure which of the
proton transitions, 1-3 or 2-4, is the lower frequency transition. We have
the possibilities of irradiating either the high or low frequency member
of the 130 doublet, and the system might react with attenuation of either
the high or low frequency member of the proton doublet. Analysis reveals that
we can unambiguously assign T14 and T23, but we cannot determine the sign of

J. Let us consider the four cases of irradiating the high 136 (his) or
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13 (105) transitions, and observing attenuation of the high 1 (hil)

Tow
or low 1H (101) transitions. It turns out that his - hi; and Ios - lo; both
predict that T23 < {TZ)I' while h1S - 10I and 105 - hi; predict that

T14 < (TZ)I' In our case, we experimentally observed only hi_. - hi1 and

S
]os - ]oI so we know that T,, < (Tz)l‘

By the discussion of the preceding paragraph, we now can determine
values for R from the data in Figure 4 without worrying about the subscripts
on R. Figure 4A has two theoretical curves drawn for R = 0 (solid 1ine) and
R = 0.02 (dashed 1ine) from Equations 33. From these curves we determine that
R= .01+ .01. The value for R and the error limits are somewhat subjectively
determined by noting that the curves for R = 0 and for R = .02 seem to nicely
vound the scatier in the data. In Figure 4B we have drawn theoretical curves
for R = .20 (solid 1ine), R = .18 (dashed line), and R = .22 (dotted line).

The curve for R = .20 fits the experimental data best, and the curves for
R = .18 and R = .22 bound the scatter in the data rather well. So from
this we conclude that R = .20 + .02 for Figure 4B.

We determined wy from the zero crossing of the experimental data in
Figure 4A to be wj/2m = 17.9 Hz. This procedure is convenient since, for this
unattenuated peak, relaxation effects are small and Equations (33) become
equivalent to Equations(15). Another option to determine the value for wy
would be to measure the length of a 24 pulse by actually observing the
130 magnetization. By conventional methods we measured (Tz)I to be 160 msec.
Thus, from Figure 4A the value of R = .01 + .01 means that T14 = 140 + 20 msec.

The value of R = .20 + .02 from Figure 4B means that T,, = 35 * 3 msec.

23
Although not crucial to the experiment, for general information we measured

the (12)S (this is the 13C T,) to be 480 msec, the (T,); (normal proton T;)
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to be 4.2 sec, and (Tl)s (normal 13¢ Tl) to be 8.7 sec. A1l of these times

are shorter than would be expected in a system purged of dissolved oxygen.
Using this method, it is now possible to directly measure all of the
relaxation rates pertaining to the off-diagonal density matrix elements of
such a system. In our case the only four unique non-zero rates have the time
. (2)
constants (TZ)I’ (TZ)S’ T14, and T23. The full Redfield theory says that

the general relaxation of the density matrix is of the form

d -
dat Pmn T T 1'):;1 Rmn'i;j Pij (35)
where the Rmnij is a super-matrix. Thus, the relaxationof a particular

element of the density matrix in general depends on the values cof other elements
as well. However, according to our assumpticn of Equation (28), the relaxation
of each off-diagonal element depends only on its own value. This is not the
case for diagonal elements even if we still assume that the relaxation times

are long compared to 1/J. A recent paper of Mayne, et a].(4 ) shows a very
pretty experiment, performed on the same chemical system we used, which measures

all of the elements of the super-relaxation rate matrix, R ,» which pertain

mniJ
to diagonal elements of the density matrix. So, by performing experiments
1ike these as well as the experiments described here, it is possible to
map out the values of the entire 16 x 15 relaxation matrix for this AX system.
Generalized versions of this phase interferometric spin spectroscopic technique
are easy to generate for more complicated systems such as AXZ, etc.

If the decay times of the peaks had been long compared to the length of
our 13¢ pulse (as might have been the case had we removed dissolved oxygen),

there would have been several alternatives. First of all, we could have just

increased the time 1 until relaxation effects were noticeable. Care should
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be used in choosing the proper wy because if during the time t the value

of cos (wlrlz) undergoes many cycles, then the inhomogeneity of the13c v.f.
magnetic field (ulle) could cause the proton magnetization to dephase, thus
giving rise to an effective decay rate which could interfere with the measurement
of the relaxation decay. This will not be a problem if the following criterion

is maintained

Awy

—: &< R (36)
L |

where R is the dimensionless parameter of Equations(34). The symbol by

stands for the variation of the 130 r.f. perturbation across the sample, so
A“l’“l is the fractional r.f. inhomogeneity, determined by the geometry of

the r.f. coil. A second alternative to the initial problem would be to

stop the 130 pulse at a time when the proton magnetization has completely
disappeared. This would correspond to values of g = Wy T = W, 3w, 5w, etc.

At that time the state of the system would have P14 and Py S the only non-zero
off-diagonal matrix elements, and the system would relax with the corresponding
times T14 and T23. After waiting some appropriately long time one would
"retrieve" the proton magnetization by the applicationof another selective

13(: pulse. Measurement of the magnetization would then yield the desired
relaxation times. A method similar to this last suggestion was used in a
quadrupolar system by Hatanaka, et al.(s) to measure off-diagonal forbidden
transition relaxation rates for spin 5/2 nuclei,27Al in A1203. 0f these two
methods the former should work in all cases, while the later is applicable

only when

1 (1 .
J >> - —) for i,j = 1,4 and 2,3 37
( et (Tz » or ,j an (37)
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B. Qualitative Off-Resonance Data

In this section we very briefly present two spectra showing some of the
off-resonance effects of the spin dynamics described in Section II, C.

136 radiation is

Figure 5 contains spectra taken for wyT = 2m in which the
slightly off-resonance. Both types of off-resonance effects contribute to these
spectra. For the value of wy stated earlier, we have the important parameter

of Equation (27), x = .092. This means that if the 136 offset frequency,

dw, 15 zero, there will be an apparent phase error of about 8% due to the

second type of off-resonance effect. The first kind of off-resonance effect

then predicts that irradiating the 13

C line at Sw/2m = .8 Hz should produce
spectra with no dispersion present. This can be estimated by setting the
apparent phase errors from Equations (25) and (27) equal to each other to get
2
1

dw = 53 (38)

130 irradiation frequency as being the apparent

Thus, we speak of this
resonance frequency.
Figures 5A and B show spectra taken for the values of the 136
irradiation frequency above and below, respectively, the apparent resonance
frequency. These spectra were taken 10 Hz apart, so we would expect to see
a phase difference of % 8wt equal to about 101°. It is difficult to determine
from the spectra exactly what the phase errors are because this was not done
with a high resolution spectrometer, and thus the dispersion phase signals can
overlap somewhat. However, we can still estimate that Figure 5A is about 4 Hz
above the apparent resonance frequency and Figure 5B is about 6 Hz below,
corresponding to phase errors of +40° and -60°. Very accurate measurements
could, in principle, be made to very precisely determine the apparent 13C

resonance frequency.
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Iv.  IMPLICATIONS OF THE EXPERIMENT

We discuss here twoimportant applications of the experiment described
in the foregoing sections. One of these is the precise determination of
13C resonance frequencies through the observation of changes in the 1H spectrum,
as described in Section II, C. Since the sensitivity of the technique does
not depend on the magnetogyric ratio, Yoo of the S spins it potentially is a
highly desirable method for the detection of low-y spin resonances. The only
condition for being able to perform the experiment is that the doublet of the
S-spectrum is well resolved,and under the reasonable assumption that J as well
as the linewidth (due to field inhomogeneity) is proportional to yg, it is
clear that the magnitude of Ys does not impose any limitation on the
applicability of the method. The other main application is the measurement
of Tz's associated with forbidden transitions, in our case T23 and T14.
Although we will not give an extensive treatment of the various relaxation
mechanisms that possibly might prevail, we wish to illustrate the particular
significance of these relaxation times by the following very simple model.
Suppose that the spin relaxation of an AX system is caused by randomly fluctu-
ating local fields OH; and AHg at the sites of the nuclei I and S, respectively,
and let us assume that these fields are parallel to the external Zeeman field.
Defining Aw[(t) = ¥y AHK(t) and Ams(t) =Yg AHS(t), we then have for the

fluctuating random Hamiltonian
H'(t) = awp(t) I, + dug(t) S, (39)

Since only diagonal elements are involved in H'(t), the relaxation rates of

(3)

the various off-diagonal density matrix elements are given by
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)2 (40)

where the bar denotes the ensemble average and 1 is the correlation time

of the fluctuations. Hence, we find for this simple model

(-_]I:—)I = -T_]L_. =t -fl'- = 60.)12 T

bl 13 24

Ly e 3 ek _ 5 2

(T;)S Tiz Tag s T

(41)

1 2 2
l'rz'; = (ACA)I + Aws - 2AmIAws) T

1 2 2
m = (Awl + dwg” *+ ZAwIAwS) T

While the normal relaxation times depend on Z;IZ and Z;;z. which measure the
strengths of the fluctuating fields, the times T23 and T14 are in addition
related to Awy Auwg - Thus, measurement of the T2's of forbidden transitions
provides information about the cross-correlation between the two local fields.
One should be aware that this result strongly depends on the particular
relaxation mechanism chosen. For instance, fluctuating fields perperdicular
to the Zeemen field with very short correlation times give rise to uniform

relaxation rates for all the off-diagonal elements of the density matrix,

(42)
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Nevertheless, we feel that the physical picture emerging from the first
example will have general implications, and that knowledge of relaxation times
like T23 and T14 will be of help in the determination of the detailed nature
of molecular motions, such as anisotropic tumbling.

Furthermore, the phase interferometric technique is in general
applicable whenever we have a system with two or more inequivalent transitions
having one quantum mechanical level in common. It can, for instance, be
applied to systems consisting of two coupled nuclear spins, a nucleus and a

free electron,or a nucleus with quadrupolar interaction.
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FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Energy level diagram for an AX spin system. The o and g represent
the two eigenstates spin up and spin down of the spin % particle.

1

The first Greek letter represents the state of the “H spin and the

second represents the state of the 13C spin, so that two 1H transitions

13C transitions are shown

are shown with single arrows, while the two
with double arrows. The numbers 1, 2, 3, 4 are used to refer to

the various energy levels or to the eigenstates to which they
correspond. The relative Zeeman energies for 1H (56.4 MHz) and

138 (14.2 Mhz) have been drawn to scale, but the effects of the weak

coupling have been greatly exaggerated for emphasis.

Radio frequency pulse sequence used. A n/2 pulse is applied to both
Iy transitions. Then a selective pulse of length ¢ is applied to only
one of the 13C transitions. A w pulse is then applied to both 1y
transitions at a time AT after the n/2 pulse, which creates a spin
echo at a time 2AT after the w/2 pulse. The signal is recorded

from 2AT(t = 0), defined to be the middle of the echo for Fourier

transformation.

Proton phase interferometric s<pectra for different values of t.

The doublet split by 195 Hz is due to the 1y coupled to the 13C in

13C. The small peak at the center of the

12

those formate ions containing
doublet is due to the 1H in the formate ions containing spinless "°C,
while the large peak on the far left is due to the small amount of

1y impurity in the solvent. The five spectra are for values of

T =0, 28, 56, 84, and 112 msec, corresponding to values of

wyr = 0°, 180°, 360°, 540°, and 7200.



Figure 4.

Figure 5.

263
Comparison of experimental and theoretical values of the amplitudes of
the peaks of the proton doublet vs. the value of ¢ = wyT. The
amplitudes of the peaks are plotted on the vertical axis, normalized to
the peak amplitude for the special case of t = 0. The value of wqt
( in degrees) is plotted on the horizontal axis. The triangles indicate
experimental data for which the echo time (2AT) was 90 msec, and the
circles are for 2AT = 280 msec. In all cases the same value of
wy < 112 rad/sec was used.
A. This solid line corresponds to the theory for the value of the
parameter R = 0. The dashed line represents the theory for
R = .02.
B. The solid line represents theory for R = .20, the dashed line is
R = .18, and the dotted line is R = .22.

Proton phase interferometric spectra (for 6 = W T = 3600) showing
13C off-resonance effects.
A. This spectrum was taken with the 13C irradiation about 4 Hz

above the apparent 13

C resonance, thus the doublet shows a phase
error of about + 40°.

B. This spectrum was taken with the 13C irradiation about 6 Hz below
the apparent 13C resonance, thus the doublet shows a phase error

of about - 60°.
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CHAPTER 5

BASIC THEORY FOR THE EXPERIMENTS UTILIZING
DIPOLAR OSCILLATIONS
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1. Introduction

Beginning with the cross-polarization decoupling experiments of Pines,
et al.(l). there has been renewed interest in nuclear magnetic double resonance
experiments. There had been, for quite a while in fact, interest in liquid
NMR experiments utilizing CW techniques 1ike the nuclear Overhauser effect
(NOE)(Z) and spin-tickiing(a); however, this resurgence was focused on pulsed
methods in solids which utilized the dipole-dipole interaction.

Our particular thrust in this area was aimed at developing such pulsed
NMR experiments which could yield geometrical and perhaps motional information
in polycrystalline materials. Chapters 7 and 8 describe experiments which do
Just that by using the heteronuclear and homonuclear dipole interactions,
respectively. (Chapter 7 uses systems containing 13C - lH,and Chapter 8
uses a 1H - 1H system.) Chapter 6 describes an important set of experiments
which set the stage for the work of the subsequent two chapters. It is the
purpose of this chapter to examine the theory, in detail,of the spin dynamics

of the dipole-dipole interaction, in order to facilitate understanding of the

experiments in Chapters 6, 7, and 8 of this thesis.

1L Spin Dynamics of the Heteronuclear Dipolar Hamiltonian

A. Theoretical

By spin dynamics, we mean the actual time development of a quantum
mechanical system. This means, essentially, that we are interested in the
solution to the time-dependent Schroedinger equation rather than the time-
independent Schroedinger equation. So, since we want to solve this equation,
let us first look at the actual Hamiltonian involved.

Two spins interact via the direct dipole-dipole Hamiltonian
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s =3 (L= 8T (50 D) v

where r is the distance between the two spins, Y1 and Yg are the magnetogyric
ratios of the spins I and S, 1 and § are dimensionless spin angular momentum
operators, r is the unit vector pointing in the direction from I to S, and
factors of Tr are ignored. Since we are doing these experiments in a large
magnetic field, H, (about 14 kG) along the z-axis, we have a large Zeeman
interaction

H =wII

z2tus S, (2)

where wy =Yg H0 and wg = Yg Ho' Since the dipolar fields are only on the
order of 10G, the Zeeman interaction is much larger, and we keep only the
secular part of HIS’ that part which commutes with Hz' When 1m1 - “Sl >> wp»
where wp is the dipolar frequency, we speak of "inequivalent" spins I and S.

In this case, the secular or truncated dipolar Hamiltonian is
Y1y
HIS(secu]ar) - 3S (1-3 CDSZ o) Iz Sz (3)
r

where 0 is the angle between r and the z-axis. From now on when we refer

to Hyg» we will mean this secular Hamiltonian. If all we needed was to
calculate the dynamics of this Izsz Hamiltonian, our job would be easy, but
unfortunately it is not quite so simple. In the actual experiments we apply
periodic and cyclic radiation to the spin system and observe it stroboscopically
at certain points in time. To do the time development correctly, we use the
Magnus forma1ism(4). To lowest order of approximation, this is just average

(5,6)_

Hamiltonian theory (We do not consider higher-order approximation in
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this work, for the most part.) Thus, application of the radiation modifies
the average dipolar Hamiltonian in the interaction frame of the radiation
so that we no longer have just the form lz Sz.
We now consider the general forms of all such interactions for our two
spinsI and S. For simplicity of calculation, we will assume I =% and S = %,
and thus all of our theory will only be applicable for spin % particles. Since
we have two spin % particles, we can describe our system with a set of four
basis states, which we will choose as oo, of, Ba, and g8 or 1, 2, 3, and 4.
The a and g refer to states having a z-component of angular momentum of +%
and -%, and the first Greek letter refers to the I spin while the second refers
to S. Thus, we can describe our system with a 4 x 4 density matrix. Any
Hamiltonian that acts in this space can be written as a linear combination of
a set of 16 matrices. One can consider SU4 symmetry or many other schemes to
choose these 16 matrices, but we feel that the easiest and most straightforward
concept is to consider the direct product symmetry of two SU2 groups and to
incorporate the concept of irreducible tensors. This is essentially a
sophisticated way of referring to a very obvious and simple idea which says
that any Hamiltonian, ngnera1 Is° which operates on these two spins is of

the form

ngnera] 1S~ i A [k m=n

a+.T:b_iI.+Ec-S-+EdmnIS (4)
1 J mn

where i, j, m, and n are summed over values of 1, 2, and 3 corresponding to

X, ¥, and z, and a, bi’ cj, and dmn are constants.

Note that we have a total of 16 constants which are the coefficients of

the 16 matrices. A slight rewriting emphasizes the irreducible tensor idea
(5)

Hgenera1 1s =2 * b*l+e S+elrS+f-(lxs)+g-(IS)=h
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where a, b, ¢, e, f, g, and h are a set of 17 constants, of which only 16
are independent. The symbo]l (E§) in Equation 5 is understood to be the

symmetric dyadic

— —‘
i ]x EX + Iy Sx Ix SZ + IZ Sx
X X 2 2
1. S +1. S I S_.+1_5§
(Is)=f 2L Y x IS ALz LY
- 2 yy 2 (6)
Ix SZ + IZ Sx Iy SZ + IZ S -
L g 2 Z & J

By setting Equations 4 and 5 equal to each other we get the following relation

dij = %(9; hy + g5 hy) + & e+ T e f (7)

iJ ) K Ik Tk
Equation 5 shows the irreducible tensor character clearly because the I * §
term will transform like the zeroth-order spherical harmonic, the I x § term
will transform 1ike the first-order spherical harmonics, and the (IS) term will
transform like the second-order spherical harmonics.

A1l of this is fine for the consideration of the general form for
our average Hamiltonian; however, it is not extremely useful in actual
calculations. It seems as though a difficult calculation is not assuaged by the
pressure of more sophisticated mathematics in this case. In addition, this
formalism can obscure the physical interpretation of the experiments somewhat.
So we shall attack the problem of the spin dynamics of such Hamiltonians by
explicit calculation with particular representative Hamiltonians. It turns
out that any average Hamiltonian can cause really only four types of physical

phenomena: 1) no behavior at all, 2) precession of magnetization, 3) linear

oscillation of magnetization, and 4) transfer of magnetization between the
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I and S spins.

This first phenomenon is not as trivial as it might at first seem to be.
In order to cause no change in the spin system, we need to have an average
Hamiltonian in which all the constants except "a" of Equation 4 are zero. We
focus in particular on making the dmn = (0. Since we are starting out with
Hig = Iz Sz, this means we must manipulate the Hamiltonian in the interaction
frame of the radiation to average to zero. This is the "decoupling" criterion
in which Tﬁz = 0, where the bar and the superscript zero indicate the zeroth
order term of the Magnus expansion, which is the average Hamiltonian. In the
experiments of Hartmann and Hahn(7), a well-known double resonance matching
condition was introduced. This was essentially just a condition which gave
Fig) a particular form which caused mutual effects between the spins. The
proper generalization of this condition is that the two spins will be coupled
whenever ﬁig)# 0(8),

The second phenomenon is precession of magnetization. For instance,

suppose we have an average Hamiltonian of the form:
7o) _
HO! = bl, +cS, (8)

To calculate the dynamics of this situation we use the Liouville equation for
the evolution of the density matrix viewed stroboscopically in the interaction

frame (5,6)

b =1 [p.i%) (9)

Since ﬁ{o) is not explicitly a function of time, the solution for p(t) is
straightforward

oic) o)
o(t) = e Tt frg) et (10)
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We have merely to use this to calculate the magnetization from the following

equation
M(t)>= tr (p(t) M) (11)
where M = Ix’ Iy, Iz' Sx’ Sy, Sz'

A1l of our initial states in these experiments correspond to spin
systems either in thermal equilibrium, thus having magnetization along the
z-axis, or with some non-zero transverse magnetization, created by a very
short r.f. pulse. Thus, we have, in general, for spin % particles

p(0) =1+ le I, + KIy Iy + KIZ L+ stsx + KSySy + KSZSz (12)
Using Equations 10 and 12 we have

p(t) = 1+ K (I, cos (bt) + Iy sin (bt) )
X

* K1 (1, cos (bt) - 1 sin (bt))
+ KIZ I (13)
+ st (sx cos (ct) + sy sin (ct) )
+ KS (S, cos (ct) = Sx sin (ct) )

So we then observe magnetization calculated from Equation 11

<Ix(t)> = <Ix>0 cos (bt) - <Iy>o sin (bt)
<Iy(t)> = <Iy>0 cos (bt) +<1lz, sin (bt)
Sl lt)e = <l 5
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<Sx(t)> = <§,>, €0s (ct) - <Sy>0 sin (ct) (14)
<Sy(t)> = <5y>o cos (ct) + <Sx>0 sin (ct)
<Sz(t)> = <SZ>0

where the subscript zero refers to values at t = 0. Thus we see the x- and
y-magnetizations precess about the z-axis, but the z-magnetization is static.

Any Hamiltonian of the form

mC NN

2 —

+¢c*S (15)

will exhibit such precession of the I and S magnetizations. There is always
some general transformation of coordinates which can bring it to the form
of Equation 8.

The third kind of phenomenon is Tinear oscillation of the magnetization.
The Hamiltonian causing this behavior is of the form

_(o)

Hig = BI, Sz (16)
In order to calculate the effects of these and later Hamiltonians, we rely

heavily on the following relations which hold true only for spin % particles

I, =3, =05 =5
Ll == L =413,
(17)
Td, == LI, =1 1,
LI =-11 =3%7il
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We can use Equations 17 to calculate
e'Bt1z52 = cos (4 Bt) + 4 i 1,5, sin (% Bt) (18)

_ From Equations 10, 12, 16, and 18 we have

p(t) =1+ KIx {I, cos (% Bt) +2 Iy S, sin (% Bt)}

+ K {I_ cos (% Bt) - 2 I SZ sin (% Bt)}

. (19)

+

st {s, cos (% Bt) + 2 Sy I, sin (% Bt)}

+

Ksy {Sy cos (% Bt) - 2 Sx Iz sin (% Bt)}

+ K¢ S

7 ra

Using Equations19 and 11 we get

<Ix(tJ> = <Ix>0 cos (% Bt)

<Iy(t)> = <Iy>0 cos (% Bt)

<Iz(t)> = <Iz>0

(20)
<Sx(t)> = <Sx>0 cos (% Bt)

<Sy(t)> & <Sy>o cos (% Bt)

<Sz(t)> =<5 >,

So we see that the IZ Sz Hamiltonian causes x and y components of I and S

magnetization to linearly oscillate rather than precess, as was the case



b
for simply IZ or SZ Hamiltenians. This can be explained in terms of a
very physical model which we shall introduce later in this chapter. Any

Hamiltonian of the form

_(0)
Apg = (d) I, +dy I+ d3 1,)-(d,S, +dg S+ dgS)) (21)

can be brought by a transformation to the form of Equation 16; thus, all such
Hamiltonians cause Such oscillatory behavior.

The fourth kind of behavior is transfer of magnetization between the
I and S spins. The Hamiltonian causing such transfer is of the form

_(o) )
Hig =BI, S, +¢C ke sy (22)

In the course of the calculation we make important use of the fact that for

spin % particles

(1,8, 1,5, =0 (23)
and thus
1(BtIzSZ+CtIySy) i 1BtIzSz 1Ct1ysy

e e e (24)

From Equations 24, 22, 12, and 10, we find

p(t) =1+ K {Ix cos (% Bt) cos (% Ct) + Zly S, sin (% Bt) cos (% Ct)
X
+ S, sin (3% Bt) sin (% Ct) - 2IZ Sy cos (% Bt) sin (% Ct)}

+ K {Iy cos (% Bt) - 2 I, s, sin (% Bt)}
p

+ Ky {1, cos (% Ct) +2 1, S sin (% Ct))
z

(25)
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- st {s, cos (s Bt) cos (% Ct) + 2 Sy I, sin (% Bt) cos (% Ct)

+ Ix sin (% Bt) sin (% Ct) - 2 SZ Iy cos (% Bt) sin (% Ct)}

+ Ksy {Sy cos (3 Bt) - 2 Sx 1

+ KSZ {SZ cos (% Ct) + 2 Sx Iy

. sin (% Bt)}

sin (% Ct)}

And then from Equation 11 we find

<Ix(t)> = <Ix>0 cos (% Bt) cos (% Ct) + <Sx>0 sin (% Bt) sin (% Ct)
<Iy(t)> = <Iy>o cos (% Bt)
<Iz(t)> = <I>, cos (% Ct)

(26)
<Sx(t)> = <§.>, cos (% Bt) cos (% Ct) + <Ix>0 sin (% Bt) sin (% Ct)

< 5 oGS 1
Sy(t) Sy o €OS (3 Bt)

< > = <€ >
Sz(t) Sz o €OS (L Ct)

These equations show that a Hamiltonian of the form of Equation 22 causes
x-magnetization to be transferred oscillatorily between the I and S spins,

while y- and z-magnetization merely oscillates as in the third phenomenon.

For the simple case of B = C,
<Ix(t)> =<Ix>0 % (1 + cos (Bt)) + <S>0 % (1 - cos (Bt))
(27)

<Sx(t)> =<sx>0 % (1 + cos (Bt)) + <1x>0 % (1 - cos (Bt))

and we observe that the magnetization oscillates between the I and S spins
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with a frequency of B.

A slightly more general form of the Hamiltonian

_(0)
g =BI,S,+CI S

i B, S, (28)

ultimately leads to
<Ix(t)>= <1x>0 cos (% Bt) cos (% Ct) + <S_>_ sin (% Bt) sin (% Ct)
<Iy(t)>= <Iy>0 cos (% Bt) cos (% Dt) + <5 >_ sin (% Bt) sin (% Dt)

<Iz(t)>= <Iz>0 cos (% Ct) cos (% Dt) + <S_>_ sin (% Ct) sin (% Dt)

z' o

(29)
<Sx(t)>= <Sx>0 cos (% Bt) cos (% Ct) + <I>, sin (3 Bt) sin (% Ct)
<Sy(t)>=<5y>o cos (% Bt) cos (% Dt) + <Iy>o sin (% Bt) sin (% Dt)

<Sz(t)>= <S>, cos (3 Ct) cos (% Dt) + <1> sin (% Ct) sin (% Dt)

So we see that this form of the Hamiltonian causes oscillatory transfer of
X, ¥, and z components of magnetization.

These four effects represent the only types of behavior that a coupled
spin % system can exhibit. Of course, complications can arise when there
are Hamiltonians of several different types acting simultaneously. These
problems become very complicated and unless specific experiments warrant it,
examination of such situations should be avoided. In the crucial experiment

described in Chapter 7, the Hamiltonian is of the form:
(o) _
H B Iz Sz 3+ G Sz +D Iz (30)

This form is particularly simple because all the terms mutually commute.

This means that we could compute the effects of all three separately, with
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no real increase in work. Also, since we were observing transverse
magnetization of the S spins, we were able to remove all the effects due to
the C SZ term with a normal spin echo, leaving only the effects of the B IZ S

2
term.

An idea we plan to try soon is to use a phase-altered multiple pulse

cycle to create a Hamiltonian of the form

W(")=BIZSZ+DIZ+EIy (31)
This will lead to
—gm<sx(t)> (% ( ) t) (% ( ) %)
= ccos (5 (w, - w t) +dcos (5 (w, +w t
< x>0 + - + I
o, =/ (5 8+ D)% + 2
B (32)
p - (2B +D) - w) (58 -0D)+w )}
w4
Y w2 -, (5B + D)} {w® +w_ (%8 - D))
d=1-c¢

For the 1imiting case that D = 0, Equation 32 becomes

SEgtel £2 (5 B)? s ypaen
s e el +T-'-EB)2 cos (/' (% B)S + ES t) (33)

X 0 E
This shows that if %B >> E, then the magnetization oscillates with essentially

the frequency %:B, and if E >> %B, then it does not oscillate. This

is possibly very useful because we would like to observe oscillations in the
magnetization due to the B Iz Sz term. However, if we have one S spin and
more than one I spin in our system, we can get destructive interference due
to the various local fields the I spins create at the site of the S spin.

But by choosing the size of E to be small compared to %:B for some of the I
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spins and large compared to %B for other I spins, we hope to essentially remove
the effects of distant I spins while only slightly modifying the effects of
close I spins in a predictable manner, thus giving us better "resolution"
in determining dipolar frequencies in solids.

The problem of one S spin and more than one I spin is, in general,
not an easy one to handle. The first two phenomena described earlier,
decoupling and precession of magnetization, are straightforward to adapt to
more than one I spin; however, the situation is more difficult for the
oscillation and transfer phenomena. For a system of one spin of type S and

N spins of type I, we consider the following average Hamiltonian
N .
g = J.Zl Bi 152 52 (34)

This leads to the folluwing

<Ijx(t)> = <Ijx>o cos (% Bjt)
<ij(t)> = <ij)o cos (% Bjt)
<[J.z(t)> = <IJ'Z>0

X (35)
<Sx(t)> = <Sx>0 _g cos (% Bjt)

J=1
N
= 1 .

<Sy(t)> <Sy>0 jEI cos (5BJt)
<$Z(t)> = <SZ>o

So for the linear oscillating case, we see that each I magnetization oscillates
only with its own dipolar frequency and "sees" only the S spin and not other

I spins. However, the S magnetization oscillates as the product of cosines
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of all of the dipolar frequencies, thus giving rise to sum and difference
frequencies of the various dipolar frequencies present.

The extenSion of the transfer phenomenon to more than one I spin is
even more difficult. For the system of one S spin and two I spins consider

the Hamiltonian

(o)

'FI’IS=BI(I sz+1 S)+B(I S ) (36)

+
IZy y

2z z

The resulting time development of the magnetization is very complex and we

state the results only for the case

p(0) = 1+ K (I, +1,)

(37)
<l1x>o - <I2x>o = <Ix>o
In this case we find that
B 2
<Ip, (8> = <L>0 {14 % —1— (cos (/B 2¢) - 1))
Bl + B
2
2
B
<L (t)> = <> {1+ ss——i—z (cos (/B2 +8,5t) - 1)} (38)
+ B
1 2

<S,(t)> = <T.>0 % {1 - cos (/B2 + 8,7 1))

so the x-magnetization of both I spins is transferred to the S spin, and the
frequency of the transfer back and forth is /812 + 822. The effect of two

I spins is to mix the frequencies B1 and 82 in a complex manner. For three
or more I spins and one S spin the situation gets pretty hopeless. It is

for this reason that in the experiments of Chapter 7, we created a Hamiltonian

of the form IZ Sz and not Iz Sz-+Iy Sy. Use of the former allows relatively
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simple interpretation of the dipolar oscillations, while use of the latter
makes interpretation difficult if not impossible for a number of I spins.
It is instructive to consider the meaning of the terms in Equations
19 and 25 which are bilinear in I and S. These do not correspond to observable
magnetization of either the I or S spin. For instance, the term 2 Iy SZ sin(%Bt)
in Equation 19 corresponds to <Iy SZ> # 0. But <Iz Sz> is not equal to

<Iy><sz>' This term corresponds to a correlation between I 6 and Sz’ and

y
essentially it means that there is a probability of finding the magnetization
of the I spin along the y-axis while finding the magnetization of the

coupled S spin along the z-axis. It is a type of cross-product ordering
which essentially creates a certain right or left "handedness" between the

I and S spins. As might be expected, this order is related to entropy,

and the observable magnetization is also a kind of order which is related

to entropy. For systems 1ike ours in which we have only a few spins
interacting and we do an exact quantum mechanical calculation, we must expect

the entropy of the system to be constant. We can use the equation for the

entropy, S, as a function of time

S(t) = -k tr {p(t) In(p(t) )} (39)

Boltzmann

to show that only if these nonobservable terms are taken into account do we
have constant entropy. So the entropy is maintained, but it is passed back
and forth between the Zeeman order and the heteronuclear dipolar order.

One can use this insight to create a very physical picture of what is
occurring in these systems. We can understand an Iz SZ Hamiltonian by assuming
that the I spin sees a small magnetic field along the z-axis created by the

S spin and vice versa. The I spin precesses about this magnetic field, but
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since at normal temperatures half of the S spins are in the "spin up" and half
are in the "spin down" state, then half of the I spins precess clockwise and half
precess counterclockwise. This leads to a net Tinear oscillation of the I
magnetization due to rotating and counter-rotating components. Thus, there

is a correlation between the I magnetization and the S magnetization, and

it is precisely this correlation that the nonobservable terms of the density
matrix signify. However, this linear oscillation arises from a statistical
probability of having initial quantum states "up" and "down", as opposed to
arising from a quantum mechanical probability, as the linear oscillations of
Chapters 3and 4 did. Theoretically, one could cool down the spin system to the
point where the high temperature Boltzmann approximations are no longer valid,
and one could observe net precession as well as linear oscillation, since

the rotating and counter-rotating components would no longer be present in

equal measure.

B. Experimental

We now discuss briefly some actual pulse sequences which create the
various types of Hamiltonians discussed in the theoretical section. We will
consider two basic categories: 1) those which do not decouple I spins from
each other, and 2) those which do decouple I spins from each other. If we
want to see the undulations due to the various I-S Hamiltonians of the last
section, we must have uncoupled I-S spin pairs. But if there
are many such I-S pairs which are strongly coupled to each other via an I-I
interaction, then the S will interact with a many-body "bath" of I spins
instead. This situation is not desirable if we are trying to measure the
dipolar undulation frequencies due to a single I-S pair. Thus, in Chapter 6

we did experiments of both types 1) and 2) in order to see the effects of this
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I-1 decoupling. In Chapter 7 we did experiments decoupling I spins in order
to accurately measure dipolar oscillation. Chapter 8 contains a homonuclear
version of a dipolar oscillation experiment in which we did not decouple spins
but merely chose a system having already isolated I-I pairs.

The first type of experiment we consider is that in which I-I dinteractions
are not suppressed. Figure 1 shows several pulse sequences which could be
applied to the I and S spins. Table 1 summarizes the various average
Hami]tonfans which result from application of these pulse sequences. Note
that all of these cause either no change, linear oscillation, or oscillatory
transfer as discussed in the theoretical section. One of the experiments
of Chapter 6 involved transfer of polarization by the application of a cycle
like that of Figure 1B to both I and S spin systems.

The second type of experiment we consider is that in which I-I inter-
actions are suppressed. Figure 2 shows an eight-pulse cyc]e(g) applied to the
I spins while any of five different cycles is applied to the S spins. This
I cycle very effectively removes I-I interactions, thus allowing us to
clearly see effects of the I-S Hamiltonian. One of the experiments in
Chapter 6 involved the application of the eight-pulse cycle to the I spins
while applying S3 to the S spins. This caused an oscillatory transfer of
magnetization between I and S. The experiments of Chapter 7 involved
applying S5 to the S spins. This meant merely applying the eight-pulse
cycle to the I spins and doing nothing to the S spins. The resulting
Hamiltonian can be transformed to the form IZ SZ, and thus it leads to linear
oscillation of the magnetization. Another way to achieve similar results
would be by application of S2. The sequence S4 is very intriguing because

it would transfer any component of magnetization while suppressing I-I and
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S-S dinteractions. We usually have not worried about suppressing S-S inter-
actions due to the normally low isotopic abundance of the S species. The
application of S1 not only suppresses I-I interaction but also removes the I-S
interaction. This could prove useful in an experiment similar to that of
Chapter 7, except that we would observe the I spins instead of the S spins.
This would mean that instead of conventional heteronuclear CW decoupling, we
would employ a pulsed decoupling like S1, which at the same time suppresses I-I
interactions.

Figure 3 shows the first experimental evidence we found of dipolar oscil-
lation. We applied the eight-pulse cycle to the spins (19F) while doing nothing
to the S spins (297Pb), which is S5 of Figure 2. Figure 3 is the Fourier
transformation of the dipolar oscillations of the 19F signal. Note that there

are "sidebands" at the dipolar frequency. These represent 19 next to 207Pb,

208

while the large center peak represents lgF next to spinless 206Pb or Pb.

The pioneering CW off-resonance, magic-angle decoupling experiments of

Hester, et a].(lo’ll)utiIize an average Hamiltonian of the form:
(o) 1
T 1 ol A
which can be transformed into the form
T B (1.5 (41)
= B — +
IS J6 ( zZ "z Iy Sy)

Thus, we see that these experiments involve oscillatory transfer of I and S
magnetization, while at the same time suppressing I-I interactions. Later
work of Hester, et a1.(12) done independently of and simultaneously with the
dipolar oscillation experiments of this thesis, utilize a four-pulse cycle

to suppress I-I interactions while maintaining an I-S interaction of the form
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_(o)
His

W=

= B (X, T * Iy) S, (42)

These experiments exhibit Tinear oscillation rather than oscillatory transfer
of magnetization.

The classic CW technique of cross-polarization developed by Hartmann and
Hahn(7) and used to enhance signal-to-noise by Pines, et al.(l), is used in
a great variety of experiments, including those in Chapter 7. In this technique
the I-I interaction is not suppressed, and the average Hamiltonian is of the

form

(o) 4

Hyg =31, 8, % Iy Sy) (43)
Thus, magnetization is transferred betweenthe I and S spins, but no oscillations
are seen because the I spins act as a "bath." The I and S magnetizations
quickly reach a steady state value in which both spin baths have the same

"temperature." Oscillatory transfer may be seen in rare cases where the I spins are
iso1ated(13).

III. Spin Dynamics of the Homonuclear Dipolar Hamiltonian

For the case of the homonuclear dipolar Hamiltonian, we consider spins
I and S to be "equivalent." By this we mean that IwI - mS] << wp» where
wp is the dipolar frequency, and wy and wg are defined by Equation 2. For
purposes of clarity,we now set I = I1 and S = Ié, since both spins are of

the same species. The secular part of the dipolar Hamiltonian now becomes
2

| 2
HII(SECU]QT’) = 15;3—' (1 - 3 cos 6) (3 IlZ IZZ = -I:]. ..;[.2) (44)

If we allow this Hamiltonian to operate without application of any radiation,
the average Hamiltonian is then of the form

(o)

Hp =B Q1 I - 10 1) ARE)
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Starting with a density matrix of the form

p(o) = 1+ K, (Ig, + L) + K (I + Tp ) + K (1, + 1))

<11x>o = <12x>0 = <Ix>0

(46)
<Ily>0 = <12y>0 = <Iy>0
<Ilz>o = <IZZ>0 = <IZ>0

we find the time development of the density matrix to be

& 3 in (2
p(t) = 1+ K {(I;, + 1,) cos (5Bt) +2 (1), Tp, + 1, I, ) sin (7 Bt))

3 3
+ Ky {(Ily + IZy) cos (E'Bt) -2 (le I, + 112 sz) sin (2 Bt)} (47)
it Kz {Ilz * 122}

This finally leads to equations for the magnetization

<le(t)> = <12x(t)> = <l >, cos (%—Bt)
<11y(t)> = <12y(t)> = <Iy>0 cos (%—Bt) (48)
<Ilz(t)> = <122(t)> = <IZ>0

So we see that the average Hamiltonian of Equation 45 leads to linear
oscillation of magnetization, analogous to the IZ SZ case for the heteronuclear
experiments. Note also the nonobservable cross-product order terms in

Equation 47. These terms are necessary to conserve entropy, and they indicate

a correlation between the two spins I1 and 12. just as similar terms did for the

case of I and S spins.
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Chapter 8 discusses an experiment in which a system with isolated I-I
spin pairs was allowed to evolve under the influence of the average
Hamiltonian of Equation 45. This homonuclear dipolar oscillation was used
to extract geometrical information in a polycrystalline solid, in an analogous

manner to the heteronuclear dipolar oscillation experiments of Chapter 7.
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Table 1.
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Table of average Hamiltonians resulting from the application
of various pulse cycles of Figure 1 to the I and S spins. The
letters A, B, C, D, and E on the left refer to which cycle of
Figure 1 is being applied to the spins. The frequency B in the

average Hamiltonians is just the normal dipolar frequency.
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Table 1
Sequence Applied Sequence Applied
to I Spins to S Spins Average Hamiltonian
A
B
C B(I.S_ + 1S
c MB(1,S, + 1,5)
E
B lsBIzSZ
C
E sﬁBIySy

¥B(1,S, + 1ysy)
laBIy(sy - S,)
%B(Iy # 135
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Figure 1.

Figure 2.

Figure 3.

Various pulse cycles to be applied to I and S spins, which do
not suppress I-I interactions. The five cycles, A-E, are com-
posed entirely of 90° pulses. The letters x and x, etc., refer
to the phase of the r.f. pulse, with the x and X indicating

pulses 180° out of phase.

Various pulse cycles to be applied to I and S spins, which do
suppress I-I interactions. The eight-pulse cycle, designated
by I, is applied to the I gpins while simultaneously one of the
five cycles, S1-55, is applied to the S spins. All pulses are
90°, and the x and X, etc., refer to the phases of the r.f.

pulses. The average Hamiltonians are also listed.

Fourier transform spectrum of 19F dipolar oscillation due to the

207

effects of “%/pb in a single crystal of g-PbF,. The 19¢_19;

interaction was suppressed by applying an eight-pulse cycle to

19 19;_207

the "°F, and the Pb interaction was maintained by applying

207Pb_ 19

no radiation to the The center peak is due to “°F near

spinless 206Pb and 208Pb. The sidebands are due to the dipolar

20

oscillation of the 19F near 7Pb,
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CHAPTER 6

EXPERIMENTAL HETERONUCLEAR DIPOLAR SPIN DYNAMICS USING
MULTIPLE PULSE DOUBLE RESONANCE

(Chapter 6 is essentially an article by M. E. Stoll, W.-K. Rhim, and R.
W. Vaughan, entitled "Heteronuclear Spin Dynamics Using Multiple Pulse
NMR Techniques". This article was published in the Journal of Chemical
Physics, Vol. 64, No. 11, p. 4808, June 1, 1976.)
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Polarization transfer between two spin systems, first demonstrated by
Hartmann and Hahn (1), has been exploited recently (2) to enhance the signal-
to-noise ratio in detectionof rare spin species, and such polarization
transfer can have an oscillatory character containing structural information (3).
It has been recently demonstrated by Hester, et al (4) that detailed structural
information can be extracted if the resolution of the dipolar spectrum is
enhanced by suppressing the homonuclear dipolar interactions during the
cross-polarization process.

It is the purpose of this Communication to demonstrate that heteronuclear
polarization transfer can be induced and controlled under pulsed NMR conditions
in contrast to the above measurement which used continuous irradiation. In
particular, both a pulsed version of the original Hartmann-Hahn experiment
is demonstrated, and a multiple pulse sequence is used to demonstrate simul-
taneous transfer of polarization and suppression of homonuclear dipolar
interactions. The extension of the use of multiple pulse techniques into this
domain furnishes an increased flexibility for design of double resonance
experiments to furnish electronic, structural, and dynamical information. For
example, the multiple pulse sequence used here has been the most effective
means so far demonstrated (5) to suppress homonuclear dipolar interactions.

The results in Figure 1 indicate the capability of pulsed techniques to
induce heteronuclear polarization transfer both with (Fig. 1A and 1C) and
without (Fig. 1B) suppression of homonuclear dipolar broadening. While
extensive dipolar oscillations are not expected within BPbF2 due to indirect
Pb-F-Pb interactions, results of the suppression of homonuclear dipolar

interactions are evident in these spectra.
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For the decays illustrated in Figure 1A, an eight-pulse cycle (6)

(t = 48 microseconds) was applied to the 19¢ (I spins) while simultaneously

cycle
applying a cycle of four 90° pulses to the 207Pb (S spins) within a BPbF2
single crystal (7). This four-pulse cycle consisted of applying 90°x pulses
coincident with each x pulse of the eight-pulse cycle, and 90°_x pulses
coincident with the -x pulses (all orientational information (x,y,z) refers
to directions in the appropriate rotating reference frame). The zeroth order

average Hamiltonian for the I-S dipolar interaction in the interaction

frame of the rf is covariant to that of Hartmann and Hahn (1) and is:

_(0) Y[Ysh >

HIs = ﬁ% . 3 (1 - 3 cos Oim) (IZi Szm + Iyi Sym)
and thus one would expect only the x-spin polarization to be transferable
from one spin system to the other.

In order to produce a graphic demonstration of the versatility available
with these techniques, a phase alteration (6,8) was introduced into the
x-pulse of the eight-pulse cycle to cause the I magnetization to precess in
the x-z plane. The transverse components of the magnetization parallel to
the x-axis inboth I and S spin systems are observed at the end of successive
cycles and illustrated in Figure 1A. As evidence of intimate and prolonged
contact of the two spin species, the S spin polarization in the x-direction
is observed to follow the component of the I spin polarization in the x-direction
with a time lag of approximately 50 microseconds. (An analysis of this data
is being used to furnish a precise characterization of the transfer process

(9).) Note that while the oscillatory curve observed for the I spin
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polarization is due to the precession of the magnetization, the oscillatory
behavior observed for the S spin system is due to an actual change in
magnitude of the S spin polarization.

Figures 1B and 1C allow one to compare the "sharpness" of the double
resonance condition with and without suppression of the homonuclear dipolar
coupling. In Figure 1B both spin systems were subjected to simultaneous
90°x-t-90°x-t-90°x-t-90°x-t pulse cycles (t = B microseconds), a pulsed
analog of the original Hartmann-Hahn experiment. Polarizationwas initially
produced along the x-direction in the I frame with a 90?y prepulse, and
the signal was observed in both spin systems (along x-axis) only at the
end of successive cycles. For the cases in which the double resonance
condition is matched, one observes that the magnitude of the S spin polarization
rises rapidly and then decays slowly as the I spin temperature rises. The
behavior of the S spin polarization under a variety of mismatch conditions
is illustrated and demonstrates the "diffuseness" of the double resonance
criteria in this pulse analog of the Hartmann-Hahn experiment (1). In
Figure 1C the multiple pulse sequences described in the discussion of
Figure 1A were used with a phase alteration in the 90°y pulses to produce
an I spin locking field along the x-axis (6) and a pulse length alteration of
the 900_x (s-system) pulsesto produce an equivalent effect for the S spin
system. One notes that an order of magnitude smaller mismatch of the
double resonance condition is needed in the dipolar suppressed case to
interfere with polarization transfer. In fact, the matching condition in the
dipolar suppressed case is critical enough to require substantial care that
experimental problems such as rf field inhomogeneity do not interfere with

the polarization transfer. (Therefore, a single coil probe was used here.)
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It has been demonstrated that polarization transfer can be induced and

controlled under multiple pulse conditions. Thus, the full capability of
the multiple pulse techniques, to control separately the form of various
parts of the spin-spin interaction Hamiltonian, can be exploited to devise
and investigate a broadened class of double resonance experiments, both
involving and not involving polarization transfer. We are presently
investigating the nature, interrelationships, and potential utility of the

wide variety of experiments made possible with this approach (9).
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FIGURE CAPTION

Figqure 1.

Time development of polarization for both lgF and 207Pb in BPbFz.
The magnitude of the observed magnetization in the x-direction of the
respective rotating frames is plotted on the ordinate, with one unit
representing the room temperature thermal equilibrium polarization. In

lgF polarization (O) is shown with the 207Pb transferred

part A the
polarization (A) with 19F homonuclear dipolar couplings suppressed and the

]gF polarization forced to precess. In part B the results of performing

the pulsed analog of the Hartmann-Hahn experiment are plotted with the various
symbols representing 207Pb polarization transferred with different degrees

of mismatch of the double resonance condition: (O) - matched, (A) - 4.06 kHz
mismatch, (O) - 9.62 kHz mismatch, and (O) - 18.75 kHz mismatch. In part C the
20-"Pb polarization transferred with homonuclear dipolar couplings

suppressed is plotted for: (O) - matched and (A) - 1.67 kHz mismatched

conditions.
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CHAPTER 7

EXPERIMENTAL DETERMINATION OF STRUCTURAL INFORMATION IN
POLYCRYSTALLINE SOLIDS USING
HETERONUCLEAR DIPOLAR MODULATED CHEMICAL SHIFT SPECTRA
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PART ONE

(Part One is essentially an article by M. E. Stoll, A. J. Vega, and R.
W. Vaughan, entitled "Heteronuclear Dipolar Modulated Chemical Shift
Spectra for Geometrical Information in Polycrystalline Solids". This
article was published in the Journal of Chemical Physics, Vol. 65, No.
10, p. 4093, November 15, 1976.)
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INTRODUCTION
Means of using the heteronuclear dipolar interaction between two spin
3 nuclei together with chemical shift information to furnish geometrical
information have been widely discussed in the literature in the past year or

two(l_q). It is the purpose of this paper to present and demonstrate a

scheme for combining multiple pulse NMR techniques(s’e)

with dilute spin
double resonance techniques(7) to furnish a particularly convenient scheme
for determining local structural parameters near the dilute spin in solids
including polycrystalline materials. The proposed scheme is an example of
two-dimensional spectroscopy as recently discussed by Aue, et aL(B) and
embodies concepts demonstrated by Hester, et a1!3’4) and discussed by waugh(g)
that one could obtain local structural information from the heteronuclear
dipolar interaction by: (i) suppressing homonuclear dipolar couplings, and
(ii) using the chemical shift tensor of a dilute spin species to orient the
observed heteronuclear dipolar oscillations.

It was pointed out by Miller, et a].(l) that one could observe oscillations
in the polarization transfer between two unlike spin % nuclei if a material
were chosen in which the homonuclear dipolar interaction were reduced in size.

(2)

VanderHart has reported the use of initial cross-polarization rates, even
in a case where the homonuclear dipole-dipole interaction is large, to orient
the carbon chemical shift tensor in the molecular frame. Hester, et al.(3’4)
have more recently reported that resolved heteronuclear dipolar polarization
oscillations could be obtained by reducing homonuclear dipolar broadening

with off-resonance irradiation at the magic angle, and Haugh(g) has discussed

advantages of using the effective field heteronuclear dipolar interaction rather

than polarization transfer heteronuclear dipolar interaction. Stoll, et a1.(10)
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demonstrated that multiple pulse techniques could be used to remove homonuclear
dipolar broadening while simultaneously allowing polarization transfer between
spin systems. The use of multiple pulse techniques is particularly attractive
in this regard since they give the experimentalists control over the effective
form of the various spin Hamiltonians, and thus give substantial flexibility
for designing a variety of schemes to extract information from solid state
NMR spectra. We have investigated, both theoretically and experimentally, a
variety of such schemes and will present this information comprehensively
in another paper(ll).
The experimental scheme being presented here: (i) suppresses homonuclear

(6)

dipolar interactions with multiple pulse techniques using an eight-pulse cycle 5
(ii) allows the spin system to evolve under an effective Hamiltonian which has
Izsz as the heteronuclear dipolar interaction and is, therefore, equivalent

to the AX case of spin-spin coupling or J spectra; and (iii) refocuses the
effects of chemical shifts and other static field inhomogeneities in the
dilute spin system to allow separation of the time development due to dipolar
oscillations. This latter step, in separating the time evolution due to the
heteronuclear dipolar interaction from that produced by the spread in chemical
shifts, makes the scheme particularly applicable to polycrystalline materials
where otherwise the spread in the chemical shifts would prevent an accurate
characterization of the dipolar frequencies.

While this manuscript was in the process of being refereed, two additional
papers have been published which relate to the work reported here: J. S.
Haugh(lz) has discussed the use of the ]zSZ heteronuclear dipolar interaction,
while Hester, et a].(la) have demonstrated a multiple pulse double resonance

scheme for performing such experiments. This latter experiment(13) is
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similar to the scheme proposed here but differs fundamentally in that no
refocusing of the chemical shift effects in the dilute spin system is

performed.

THE MULTIPLE PULSE DOUBLE RESONANCE TECHNIQUE

The multiple pulse double resonance scheme used here is illustrated in
Figure 1 and can be separated into three sections. In the first, preparatory,
period a transverse magnetization for the S (dilute) spin species is produced
and any net magnetization in the I spin system is destroyed (the destruction
of the I spin magnetization is not theoretically necessary but is an
experimental precaution). The S spin transverse magnetization is created

here by a Hartmann-Hahn(14)

transfer of polarization from the 1 (abundant)
spin system to make use of the signal-to-noise enhancement gained with this
procedure, and the transverse magnetization in the I spin system is destroyed
by turning off the I spin-locking field a millisecond or two before the
initiation of the second, evolutionary, period.

In the second period an evolution of the I-S heteronuclear dipolar
Hamiltonian is allowed to take place for a period, T, while simultaneously
suppressing the abundant spin dipole-dipole interaction with an eight-pulse

(6)

sequence One notes that there are nn rf fields on the S spin system
during the period, T, in which the eight-pulse sequence is being applied.
Thus, since the total rf satisfies the cyclic and periodic conditions necessary

for the application of the average Hamiltonian formu]ation(IS)

, one can consider
the zeroth order Hamiltonians present (all spin lattice effects are being
ignored here as well as homonuclear dipolar interactions among the dilute (S)

spins). For the I spin system, only a small chemical shift and off-resonance
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Hamiltonian exists (besides the H%E)) for a properly tuned cyc1e(6).

EEE) i Et:t(’lt.u+(,uo czzi) ; (1)

i 3 (ixi + Izi

while the S spin system is evolving under the off-resonance and chemical shift

Hamiltonian,

L(0) _
Hos™ = § (Bu + Vg Uzzj) Szj (2)
and the heteronuclear dipole-dipole interaction,
+(0) _ = By
Upg = % & (T3 + Ixq) Sz (3)
i J 3
where, 4
Yy
_ 1 _ 2
BiJ . 3 (1 - 3 cos 613)
ij

An important point for later interpretation is to note that these zeroth
order Hamiltonians all commute, and thus the effective time evolution that
occurs is simple to predict. Note also that the scaling facto#s), o., appearing
in the ;¥g) term, is identical with that appearing in the off-resonance
Hamiltonian in I spin system. This provides a convenient means of experimentally
determining the numerical values for o by observing spectra of the I spin system
as a function of the frequency offset, Aw.

After the desired amount of dipolar evolution, T, has occurred, the

eight-pulse sequence is replaced by a simple decoupling field on the I spin
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system, and this causes the heteronuclear dipole-dipole interaction to go to
zero. The S spin system is still evolving, however, under its off-resonance

and chemical shift Hamiltonians. The next step within this evolutionary

period is to refocus the time development of the off-resonance and chemical
shift Hamiltonians in the S spin system by the application of a 180° pulse

to the S spin system, causing the production of a spin echo at a later time

(the phase of the 180° pulse was chosen parallel to the initial cross-polarizing
field so that one gets an echo of the Carr-Purcell-Meilboom-Gill type).

The third period involves digitally recording the second half of the
S system echo which provides the signal for further processing.

Thus, the total net time evolution of the S spin system that has occurred
at the point where data collection is started, t=0, is due to the heteronuclear
dipole-dipole interaction, Equation 3, for a time period t. During the data
collection period, t, however, only the off-resonance and chemical shift
Hamiltonians are producing the time evolution of the S spin system. Thus,
the data collected are easily interpreted since the heteronuclear dipolar
information is in the initial amplitudes, and the chemical shift information
is in the time evolution during the data collection time period, t. For the
case of a single nearby I spin (applicable to both systems studied here), the

S magnetization has the form:

<S> o« § (cos 25 T) sin'[(ojZz wy tAw) t] (4)

<Sy> o ;: (cos 2 T) cos [(ojzz W tAw) t ] (5)
o B,

. —d (6)

Q.
b 3
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When the time decays of the magnetization are Fourier-transformed, one obtains
powder patterns containing the heteronuclear dipolar evolution as a modulation.
If the chemical shift powder patterns are assumed to be broadened by a Lorentzian
broadening function and no broadening in the dipolar frequency spectrum is

assumed, one obtains for a dipolar modulated spectrum:

2w m 2 9 -1
f(w,1) = [ fcos [2(0,¢)7) {[w(0,¢) - w)“/w" + 1} “sino do d¢ (7)
] 0
where
R . 2
Q(0,¢) = 3 [1 - 3 {sin x sin 0 cos(¢ - ) + cos x cos B}°)] (8)
32 r

. cosze) (9)

w(0,¢) =Aw + W, (ox sin2 6 cos2 ¢ + Uy sin2 ] sin2 ¢+ o
where (cx’ Uy’ oz) are the principal components of the S-chemical shifc. tensor,
and (x, ¥) designate the polar angles of the I-S vector with respect to the
principal axis of the chemical shift tensor. Further, w is the half width
of the chemical shift broadening function.

This expression was evaluated numerically by computer in order to generate
the theoretical spectra discussed in the following sections of this paper. By
collecting spectra for different values of the time, t, of the dipolar evolution,
detailed geometrical information can be obtained. This includes orientation
of the I-S vector in the chemical shift principal axis system and a determination
of the I-S vector length and, as is illustrated in some of the data presented
here, information on the motion of the I-S vector in the laboratory frame.

This particular scheme has a number of advantages. Since no rf irradiation
is on the S spins during the dipolar evolution, there is no rf matching condition
which must be met and for which a mismatch could cause distortions(lo)(in fact,

one should generalize the Hartmann-Hahn matching condition for pulsed measure-

ments such as these to the simple statement, ng) # 0).
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Since the only remaining possible rf errors are those in the proton radiation,
these can be removed, or calibrated out, separately by observing the proton

magnetization. (In fact, small errors in the proton irradiation will not distort the

S spin spectra to any appreciable extent(ﬁ'll).

(o)

- 0
Hamiltonian, HIS

Finally, the form of an interaction
» which commutes with both the I and S Hamiltonians simplifies the
interpretation of the data obtained and allows a very simple extension to

systems iqvo]ving additional simultaneous I-S interactions or such complexities

as the presence of molecular motion. For example, since the Hamiltonians

commute, additional I spins near the S spin result in the observation of

dipolar frequencies which are simply sum and difference frequencies of the

individual I-S interactions.

EXPERIMENTAL DETAILS

The apparatus used is the one designed for the pulsed polarization transfer
experiments previously pub1ished(10). It consists of a low frequency multiple

pulse spectrometer(ls)

which has been altered by replacing the original probe
with a single-coil probe which is simultaneously tuned for both protons
(56.4 MHz) and carbon (14.18 MHz), and by the addition of rf electronics
at the carbon frequency (a James Millan amplifier capable of 150 watts at
14.18 MHz and a wideband Avantek receiver). This single-coil probe design made
it possible to have good Hl homogeneity (< 0.5%) and large H1 field for both
carbon and proton frequencies (40-50 gauss) with relatively low power rf
transmitters.

Cross-polarization fields of 8.1 gauss on the protons and 33 gauss on

the carbons were used, while a decoupling field of 20 gauss was applied to the

protons. The proton-decoupling field was larger than necessary for decoupling
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but was maintained at this high level to avoid matching the Hartmann-Hahn

(

condition 14) during the 180° pulse applied to form the carbon-13 echo. The

multiple pulse sequence used is the eight-pulse sequence discussed in detail

(6)

elsewhere ,» and it was carefully tuned as described to keep error
Hami]tonians(s) smaller than 200 Hz. The frequency-scaling factor, a
(a number close to unity), was determined by observing a proton line as a
function of frequency offset, Aw. Since the dipolar frequencies encountered
are large (over 20 kilohertz) care was taken to measure the small nonlinear
dependence of the scaling factor, a, on the size of the off-resonance field.
A 5% effect in 10 kilohertz, and this was incorporated into the spectra
synthesis program as a calibration factor.

Only absorption spectra are reported in the paper to conserve space;
however, the dispersion spectra were available, and they did confirm
the information obtained. A few comments on the procedure used to assure
that phase and amplitude information would be comparable from spectrum to
spectrum would appear to be in order, however. First, the 180° carbon pulse
was set at a fixed delay ( greater than the longest T value desired ) from
the end of the carbon cross-polarization pulse, and it remained fixed throughout
the experiment. Then the precise point to begin digitization (t = 0) was
determined by summing several adamantane(17) decays taken at different offset
frequencies (with v = 0) and adjusting the digitizationpointuntil no linear
phase shift appeared in the spectrum. The phase was then set to observe the
absorption spectrum and not changed throughout the experiment. Samples
enriched in 13C were used in this work, 15% for the benzene (one site/molecule

@ 90%) and around 6% for the calcium formate.

A cross-polarization time of 12 milliseconds was used on the benzene,
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but it was not possible to completely remove the distortion in the spectra
caused by benzene rings oriented at the magic angle, and this slight
distortion is observable in the experimental spectra. In all cases, a cycle
time of 50 microseconds was used for the eight-pulse cycle, and the proton

frequency was on resonance.

RESULTS AND DISCUSSION

a. Benzene

In order to experimentally test the concepts and techniques suggested
above, experimental spectra were taken on a benzene sample where the proton
serves as the abundant species and carbon-13 as the rare species.

Figure 2 illustrates the results expected theoretically from applying
the pulsing sequence described above to a benzene sample in its rotator phase,
that is, in the temperature range where the molecule is spinning rapidly around
its sixfold symmetry axis. The results are a function of two independent
variables and form a surface in a three-dimensional space. In Figure 2
two projections of three-dimensional plots are shown for the integration
of Equation 7 for benzene in its rotator phase. This is a
convenient frame of reference since single experiments (i.e., the collection
of data as a function of t for a fixed 1 and Fourier transformed) produce sets
of data points in the f-w plane corresponding to that value of 1. The spectrum

for T = 0 is thus the normal 013

chemical shift powder pattern for benzene.
In this case of a benzene molecule spinning rapidly around its sixfold
symmetry axis, both the dipolar and chemical shift tensors exhibit axial

symmetry around the rotation axis, and the only parameters needed to specify
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the full surface in Figure 1 are: the chemical shift components, Ul and o“,
the carbon-proton distance, r (1.09 R). the chemical shift scaling factor, a(G),
and experimental broadening functions. 1In order to be able to compare this
theoretical plot with our experiments, a broadening function for the chemical
shift axis was taken from a computer fit to a normal 13C powder pattern,
and we assumed that only the nearest C-H dipolar interaction need
be considered. The chemical shift scaling factor, «, was determined
experimentally as described above from the proton multiple pulse spectra.
Thus, the surface plotted in Figure 2 is fully determined. While the surface
is complex, for the special case of benzene simple oscillations are observed
if one takes planes in the f, 1t plane for fixed w since the dipolar and
chemical shift tensors have the same symmetry axis and map isomorphically onto one
another. Experimental data were taken over the full range of T considered in Figure 2
(600 microseconds), and the first half is shown in Figure 3 along with an
expanded version of the bottom projection from Figure 2. The
experimental three-dimensional plot in the top half of Figure 3 was obtained
by simply connecting all data points with straight lines to their neighbors,
and thus each intersection of two lines is a data point, and the ripple
noted in the surface is a measure of the experimental scatter in the data.
One notes that there is good quantitative agreement with the
predicted spectra for the structural features appearing in the experimental
data. A quantitative comparison can also be made by comparing the calculated
and experimental data as plotted in Figure 4. 1In Figure 4 the spectra
(Fourier transforms of the time decays) for the various experimental values

of 1 are plotted beside the predicted spectra for the same t. Care has been
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taken to be sure that the relative magnitudes of each of the experimental
spectra have been reproduced quantitatively. Amplitude comparisons can be
made between the corresponding experimental and theoretical spectra (i.e.,
the theoretical spectra have been normalized to the experimental at only the
T = 0 spectra, and all other amplitudes are as predicted or as measured).
Thus, one obtains good quantitative agreement as well as qualitative agreement
over the_range of 1 considered in Figure 3 (0-250 microseconds). The only
lack of agreement occurs in the portion of the spectra near w = 0”, where a
reduction in amplitude is noted which gets progressively worse as 1 gets
larger until in the bottom spectra the last oscillation in the far right of
the theoretical spectra is almost completely absent in the experimental spectra.
If one compares the regions corresponding to (w = U”) in the
projections of Figure 3, one notes that this corresponds to the reduced
amplitude of the depression closest to the observer in the experimental
3-D plot, by comparison with the theoretical 3-D plot. One notes that this
corresponds to the region of the highest dipolar frequencies and might be
expected to suffer from our assumption of a single C-H dipolar frequency
before other portions of the spectra.

This kind of quantitative comparison begins to fail at longer t values,
and the amplitude of the oscillation in both wings of the spectra begins to
decay below the predicted values until at v = 600 microseconds only the center
third of thespectrum remains as is indicated in Figure 5. The observed
frequency of oscillations in this remaining center portion corresponds
accurately to what is predicted but the amplitude has decayed to approximately
half of what is predicted. It is to be noted that it is that portion of the

spectra containing the smaller dipolar oscillations that has lasted the
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longest, and there appears experimentally to be a broadening function on
the dipolar frequencies proportional to their magnitude. The cause for this
degradation at long times is presently under study, and it is not yet clear
whether it will be attributable to secondary C-H dipolar interactions, low-
frequency motion in the solid benzene at this temperature (-90° C) or due to
some broadening mechanism involving so-far-neglected interactions.

It is clear, however, that an excellent agreement is obtained for shorter
decay times and that this technique furnishes a potentially useful and accurate

method for extracting geometrical information in polycrystalline solids.

b. Calcium Formate

Experimental and theoretical results were also obtained for calcium
formate since it represents a more complicated situation than that found in
benzene. There is still only a single carbon-proton vector to deal with,
but one does not see the unique situation in benzene where the
dipolar and chemical shift tensors have the same symmetry. However, the room
temperature results obtained illustrate another potential use for these
techniques in the study of molecular motion and its characterization.

Ackerman, et al.(18) have reported values for the carbon-13 chemical
shift tensors in calcium formate and found that there are two slightly
inequivalent tensors. The polycrystalline powder patterns we obtained at
room temperature were not compatible, however, with the reported results,
ours giving a pattern 20% too narrow. This pattern was well fit with the
powder pattern for a single tensor with the following principal values:

%11 © -92, Opp = -59, Og3= +18, which give an anisotropy roughly twenty

percent smaller than reported by Ackerman, et a].(ls): %11a © -106,

a
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%11 = -105, Op0a = -61, Ooop = -57, U333 = Y33p = 24 ppm. Since
the center of mass of the patterns reported here was similar to that
of Ackerman, et a].(lg). one could speculate that our echo spectra
are exhibiting the effects of motional averaging of the chemical shift
tensor at room temperature. Powder patterns were taken as
the temperature was lowered to the minimum presently possible in our
probe, -170° C; while the powder pattern grew broader, it did not reach
the reported values of Ackerman, et al.(le).

To observe what effect such molecular motion might have, theoretical
spectra were calculated by using the fitted values of the chemical shift
tensor and a broadening functionfromthe conventional powder pattern(t = 0)
and assuming a single dipolar frequency corresponding to a C-H distance of 1.12 R.
The lower portion of Figure 6 is a projection of the three-dimensional plot of one
such calculation in which the least-shielded tensor component was assumed to
be parallel to the C-H vector. The projection in the top portion
of Figure 6 is the experimental data taken at room temperature, and one sees
rather large qualitative differences between the two projections.
These differences are illustrated in Figure 7, where the theoretical and
experimental spectra for the same value of T are compared. We did a large
number of simulations varying the orientation of the C-H vector and its length,
attempting to fit the experimental pattern and could not do better than the
spectra shown in Figure 7. In fact, one can make a simple argument to
show that it will not be possible to fit this spectra with any realistic
assumptions, so long as one ignores the molecular motion present. We have

already assumed an unrealistically long C-H vector in the spectra calculated,
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1.12 R, and no matter which direction we point the C-H vector, it will invert
a portion of the powder pattern by the first observation point (t = 50
microseconds). Since our experimental spectra have substantially larger area
than the predicted spectra, they will not fit. Thus, one can, by using only the
top two experimental spectra (t = 0 and T = 50 microseconds) from Figure 6,
conclude that substantial molecular motion is present.
Presently we are in the process of
building into our theoretical synthesis program means to model such molecular
motion and hope to be able to fit a series of spectra such as shown in Figure

7 to characterize the molecular motion present.

SUMMARY AND CONCLUSIONS

A double resonance, multiple pulse scheme has been proposed, and has
been demonstrated, that will allow the extraction of geometrical, orienta-
tional, and motional information from polycrystalline chemical shift powder
patterns. The particular scheme developed embodies concepts recently discussed

I.(3’4) and has been designed and developed to solve a number

by Hester, et a
of problems: it allows increased signal to noise by first providing an initial
cross-polarization period; it does not involve dipolar evolution with polarization
transfer since such schemes as we can devise are sensitive to small errors and
mismatch condition of the rf fields; it provides for a separate means of
calibrating the chemical shift scaling factor; and it produces spectra in

which the dipolar modulation appears in a particularly simple form for data

analysis, and the requirements for rf fields on the S spin are the minimal

required for normal cross-polarization powder pattern experiments. As discussed
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in the Introduction, while this manuscript has being refereed two papers
appeared in print(12'13) which relate to the work reported here, and in particular,
the single crystal, double Fourier transform experiment described by Hester,
et a\.(la) has many of the advantages of the scheme reported here, although no
attempt is made in that work(la) to refocus the chemical shift effects.

The results reported here clearly indicate that the experimental scheme
proposed for observing dipolar modulated chemical shift spectra can produce
results in agreement with theoretical expectations. The rather drastic
changes: that occur in the spectra even for short times of dipolar evolution,
T, make it possible to orient C-H vectors in the chemical shift frame accurately
from polycrystalline powder samples and, even in cases where single crystals
can be obtained, will provide an attiactive alternative to the laborious
collection of rotation spectra. Since the dipolar modulated chemical shift
spectra orient the I-S bond vectors in the chemical shift principal axis frame
in contrast to single crystal rotation studies which orient the chemical shift
tensor in the crystalline unit cell, two types of measurements can be used to
supplement one another when detailed crystal structures are not available.

This particular scheme should find particularly fruitful application in
areas of solid state chemistry where systems without long-range order (surface
adsorbed species and polymers, for example) require characterization of

geometrical and electronic properties.
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FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Schematic representation of the pulsing scheme used.

Theoretical dipolar modulated 13C chemical shift spectra for benzene
undergoing rapid rotation around its six-fold axis. The spectra

were calculated by numerical integration of Equation 7. The height,
or value, along the f axis corresponds to the intensity expected for
a given value of the length of the dipolar evolution period, T, at

a particular resonance frequency, w, in the adsorption spectrum. The
surface is viewed from an angle of 45° away from the f axis and at
-45° (top projection) and +45° (bottom projection) from the 1 axis.
The lines of constant 1 are at 50 microsecond intervals, while the
lines of constant w are at intervals of 3.45 ppm (corresponding to

an experimental sampling rate of 50 KHz).

Theoretical and experimental (—900 C) spectra for benzene undergoing
rapid rotation around its six-fold axis. Nomenclature is the same

as in Figure 2, but results are only shown for 1 out to 300 micro-
seconds. The top spectra are a plot of the experimental data obtained
by making straight-line connections between each data point and its
nearest neighbor in both Tt and w. Thus, each intersection is the
location of a single experimental data point. The theoretical
calculation was done for the same points on the surface f (w, t) for
which data were available so a direct point-by-point comparison could

be made.

Sections through the surface f (w, t) for planes of constant t

for both theoretical (left portion of figure) and experimental spectra
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(right portion of figure) of benzene rotating rapidly around its
six-fold axis. The values of 1t (in microseconds) corresponding

to each spectra are: A,0; B,50; C,100; D,150; E,200; and F,250.

The experimental and theoretical spectra were normalized at v = 0
only, and quantitative comparisons can be made of the theoretical

vs. experimental amplitudes in the remaining spectra. The horizontal

scale is 3.45 ppm/point.

Figure 5. The experimental spectra for benzene obtained with T = 600 micro-
seconds. The abscissa covers the same total range as the spectra in

Figure 4 and each point is3.45 ppm.

Figure 6. Theoretical and experimental spectra for dipolar modulated 13C chemical
shift of calcium formate. The lower spectrum represents the result
of numerically integrating Equation 7, while the upper stereographic
projection is a plot of the experimental results produced by making
straight-1ine connections between each data point and its nearest
neighbor in both 1 and w. The scales are the same
as in Figures 2 and 3 (50 microseconds between lines of constant T,

and 3.45 ppm between lines of constant w).

Figure 7. Sections through the surface f (w, t) on planes of constant t for
both theoretical (left portion of figure) and experimental spectra (right
portion of figure) for the calcium formate results in Figure 6. The
values of t© (in microseconds) corresponding to each spectra are:
A,0; B,50; C,100; D,150; E,200; and F,250. The abscissa scale is

3.45 ppm/point.
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Fig. 4
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PART TWO

(The material in Part Two represents a continuation and update of the
work in Part One. This material is drawn from an article by M. E.
Stoll, A. J. Vega, and R. W. Vaughan, entitled "Structural Information
in Polycrystalline Systems Via Dipolar Modulated Chemical Shift
Spectra”. This article was published in the Proceedings of the XIXth
Congress Ampere, p. 429, Heidelberg, 1976.)
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1. INTRODUCTION

In Part Two of Chapter 7, we present the results of a continuation of
the work of Part One. The nature of this additional work is largely theo-
retical, meaning that we have attempted to 1mprove.our understanding of the
data taken in Part One, and no new experiments were performed. Although the
results of the benzene studies in Part One are encouraging, the agreement
between theory and experiment still is not totally satisfying. So in this
section we consider the effects of a system with one S spin and more than
one I spin, with the goal of getting better experimental and theoretical
agreement. Since we were using benzene enriched to 90% at a single site, it
is a good approximation that we have only one 5(136) spin in our system.
There are a total of six I(lH) spins in a ring, however, and the inclusion
of the effects of all six changes the theoretical spectra substantially from
those of Part One, which include only the effects of the nearest neighbor I
spin. These new calculated spectra agree both qualitatively and quantiti-
tatively with experimental results of Part One. It is crucial that we have
confidence in the validity of the heteronuclear dipolar modulation technique,
because we can then speak with more authority in the case of the calcium
formate which does not exhibit good agreement at all between theory and
experiment.

A second important aspect of the dipolar modulated chemical shift
spectra is explored. By merely determining the areas of the series of
spectra with different periods of modulation time, t, one can determine the

I - S bond distance, although one then loses all orientational information.
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We present theoretical and experimental comparisons of the areas of such

modulated spectra in benzene and calcium formate.

II. Effects of Six Protons on 13C Dipolar Modulated Spectra in Benzene

Since we are using the experimental results of Part One of this chapter,
we refer the reader to that section for the details of the experiment.
Equation 3 of Part One shows that the I - S average Hamiltonian during . the
period of dipolar evolution, t, is of the form Izsz' We know from the dis-
cussion of Chapter 5 that such a Hamiltonian causes linear oscillation of the
magnetization. This is reflected in Equations 4, 5 and 6 of Part One, which
show the S magnetization to be linear oscillating with a modified dipolar
frequency. We now take into account that there are in fact six I spins in
the benzene, and not just one. In order to do this we refer to the theoret-
ical discussion of Chapter 5. We recall that Equation 35 of Chapter 5 showed
that the effect on the S magnetization of more than one I spin was to cause it
to oscillate as a product of cosines, each I spin contributing one cosine
factor. Thus rather than exhibiting a single dipolar frequency, the S mag-
netization oscillates with sums and differences of all the various I - S

dipolar frequencies. We can then include these effects by modifying Equations
4, 5 and 6 of Part One to read

6
(Sx> «L 0 cos(ﬂjit)sin((o

+aut) (1)
it=1

jzz%
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6
<sy> « § : l=1 lcos(ﬂj,['r)cos((djzzwo + Am)t) (2)
aB
Wi i
Q (3)
J 3}/2_

where the subscript j refers to the S spins, and the subscript i, running
over the values 1 through 6, refers to the six I spins on the same benzene
ring.

Figure 1 shows a comparison of the experimental data with the results
of theoretical calculations based on Equation 1, 2 and 3 of Part Two and
Equations 7, 8 and 9 of Part One, for heteronuclear dipolar modulated
chemical shift spectra of benzene in its rotor phase near -90°C. The agree-
ment is both qualitative and quantitative. Figure 4 of Part One shows a
comparison of experiment and theory, taking only the nearest I spin into
account. Note that for T = 250 usec, Figure 4F, there is already substantial
discrepancy. However, for the case of all six I spins considered, Figure 1
of this section shows good agreement for times as long as T = 500 sec. These
theoretical plots were based on the accepted value of 1.093 for the C-H bond
length, as well as other accepted geometrical constants for the benzene rinag.
The plots were made with just two adjustable parameters, the ultimate line-
width (the parameter w of Equation 7 of Part One) for various isochromats
summed to get the powder pattern, and the normalization of the spectra. These
two parameters were fixed by the spectra for Tt = 0, and there are no adjustable
parameters for the theoretical spectra for 0. We feel that these results

confirm the validity of the heteronuclear dipolar modulation technique.
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Figure 2 shows a comparison of theoretical dipolar modulated chemical
shift spectra for benzene with only one I spin included (left side) and with
all six I spins included (right side). The top and bottom are just different
views of the same spectra. These plots are similar to the ones found in Part
One of this chapter. Note that the effect of the extra I spins is to "wash
out" some of the detail of the spectra by making the valleys and troughs not
as deep and the peaks and ridges not as high. In general the details are not
as pronounced. This can be understood as the many sum and difference dipolar
frequencies begin to destructively interfere for longer values of 1, thus
leading to the greatest discrepancies in the two spectra for the longest

values of T,

I1I. Areas of Heteronuclear Dipolar Modulated Spectra

It is a well-known fact that the area of a Fourier transform (FT)
frequency spectra is proportional to the size of the corresponding time signal
at t = 0. Thus we can see from Equations 1, 2 and 3 that the area, A, for our

spectrum should be

6
Alt) =L @ cos(Q,,7) (4)
ji=1 J

By normalizing our areas to the area for t = 0, and by assuming an isotropic

distribution of crystals in our sample, we get

Al 1 ¥
-A_&} = -4«; 1 E chS(QiT)S1n0ded¢ (5)
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where the i refers to the various I spins, and the j has been dropped
because it 1s now implicit in the sum over all solid angles. The sinodod¢
is just the usual differential element of solid angle.

Figure 3A shows experimental and theoretical comparison of this area
ratio in benzene as a function of 1. The solid line is the area ratio from
Equation 5 taking all six protons into account, while the dashed line is the
theoretical area ratio including the effects of only the nearest proton.

The experimental points seem to fit the six-proton theory very well. Note
that for values of T greater than 500 usec, we expect no net area. This does
not mean that we cannot see a spectrum anymore, but it does mean that the
spectrum will have equal amounts of positive and negative area.

By examining Equation 5, we see that observation of the area ratio
yields no orientational information because it is all integrated out.
However, the answer still depends strongly on the internuclear C—H distance.
The theoretical plots in Figure 3A used a C—H bond length of 1.093. If one
does not have isotropically distributed crystals, then one measures the

appropriately weighted average

<3 - 3cos0) > (6)
=

So actually, even in our isotropic case we really measured the average

1
< >
) (7)

Thus we actually determine a measure of the bond length by finding the

quantity in Equation 7 from the area ratio. This quantity may be very sen-
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sitive to thermal expansion and could conceivably be used to study changes
in bond length as a function of temperature.

Figure 3B shows the theoretical and experimental area ratios for
calcium formate. The solid line corresponds to the accepted value of the
bond length, r, of 1.09A, while the dashed line is for r = 1.19A. Neither
of these curves fits well. In fact, one can show that there is no value
for r which will fit well. We can rule out the effects of other I spins as
a source of this enigma by noting that in Figure 3A the result of several I
spins is to cause the area ratio to damp out much more quickly as a function
of 1. But Figure 3B shows that the experimental area ratio for 1 = 250 usec
is still quite large, wius indicating that there is little destructive inter-
ference and hence only one important I spin. (Note: we have plotted the
benzene and calcium formate data with t scales differing by a factor of two.
We did this because the spinning benzene rings reduce the dipolar interaction

by a factor of two.)

IV. Conclusion

From the close agreement between theory and experiment of the benzene
dipolar modulated spectra and their area ratios, we conclude that the dipolar
modulation technique is sound and can be used as a tool to measure bond angles
and bond distances in polycrystalline solids. Our total failure in calcul-
ating the calcium formate spectra and area ratios, even including effects of
other I spins, seems to indicate that the suspicions we raised in Part One of

this chapter are correct. We assume that there is some molecular motion
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causing major changes in the dipolar modulated spectra. We hope that
further work on this anomaly will prove that these techniques can be very

useful in the determination of molecular motions in solids.



Figure Captions

-141-

Figure 1.

Figure 2.

Figure 3.

Experimental (left) and theoretical (right) heteronuclear
dipolar modulated chemical shift spectra in benzene, taking
all six protons into account. The spectra are for values of
the dipolar modulation time, 1, of 0, 100, 200, 300, 400 and
500 sec from top to bottom. Each channel in the experimental
plots is 3.45 ppm for the horizontal scale.

Calculated dipolar modulated chemical shift spectra comparing
one-proton theory (left) with six-proton theory (right). The
top and bottom represent two different views of the same
spectra. Each figure incorporates spectra with values of t
from 0 to 600 psec at 50 usec intervals. These pseudo 3-di-
mensional plots are similar to those in Figures 2, 3 and 6 of
Part One of Chapter 7.

Theoretical and experimental area ratios of dipolar modulated
chemical shift spectra as a function of 1, in {A) benzene and
(B) calcium formate. (A) The solid line is the six-proton
theory and the dashed line is the one-proton theory. (B)

The solid line is for the C—H bond length, r = 1.093. The
dashed line is for r = 1.195. Both these curves are for a

one-proton theory.
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CHAPTER 8

EXPERIMENTAL DETERMINATION OF STRUCTURAL INFORMATION IN A
POLYCRYSTALLINE SOLID USING
HOMONUCLEAR DIPOLAR MODULATED CHEMICAL SHIFT SPECTRA

(Some of the material in Chapter 8 is drawn from an article by M. E.
Stoll, A. J. Vega, and R. W. Vaughan, entitled "Structural Information
in Polycrystalline Systems Via Dipolar Modulated Chemical Shift
Spectra". This article was published in the proceedings of the XIXth
Congress Ampere, p. 429, Heidelberg, 1976. The rest of the material in

Chapter 8 is taken from an article being prepared for publication.)
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I. Introduction

In this chanter we present the results of a homonuclear dipolar modu-
lated chemical shift experiment which determines geometrical parameters of
trichloroacetic acid (TCAA) from a polycrystalline sample. This experiment
is the homonuclear analogue of the heteronuclear dipolar modulated chemical
shift experiment of Chapter 7, and thus the motivation is also analogous.

We would Tike to have a method for determining structural parameters without
the necessity of having a single crystal sample and accumulating many
rotation spectra. To achieve this goal we make use of the orientationally
dependent dipolar interaction to modulate the conventional high resolution
chemical shift powder pattern. By computer simulations of the spectra for
various parameters, we are able to determine a proton-proton bond length and
its orientation with respect to the principal axis chemical shift reference
frame. Unlike the experiments of Chapters 6 and 7, we do not suppress any
dipolar interactions during the modulation period. We instead rely on the
natural crystal structure to provide us with the necessary dipolar structure
to see long-lived dipolar oscillations. This is similar to the work of
Mieller, et al. (1). in which transient oscillations in 1H—-13C cross polar-
ization experiments in ferrocene were seen only because of the high degree
of natural fine structure in the dipolar spectrum.

The spin dynamics of the relevent average Hamiltonian was discussed in
Chapter 5, in the section dealing with the homonuclear dipolar Hamiltonian.
To aid in the understanding of the details of our experiment, we shall refer

the reader to that section.
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I11. Experimental

Trichloroacetic acid (CC13C00H) is known to dimerize in the solid state.
This leads to 1H (proton) pairs which are well isolated, and Goldman first
reported seeing well-resolved dipolar split doublets in the proton NMR
spectra of single crystals of TCAA (2). The high degree of isolation of the
I - I pairs ensures that the normal polycrystalline proton NMR powder pattern
will be rich in detail also. Figure 1 shows a Fourier transform (FT)
spectrum we obtained from a normal free-induction decay (FID) of a powdered
sample of TCAA. The spectrum is a classic doublet, axially symmetric tensor
powder pattern (3), and the crispness of outer shoulders indicates the high
degree of isolation of the proton pairs.

In Figure 2 we show a diagram of the relevant part of the TCAA solid
structure. The ring formed by the two carboxyl groups is flat to within
.015. Hydrogen bonding between the two carboxyl groups is responsible for
the dimerization. These hydrogen bonds are shown schematically by dotted
lTines. The splitting between the peaks in a spectrum like that of Figure 1
is

YZ":]
L 13N
&v 2n 2 |,,3 (1

where Av is the splitting (in Hz)' Y1 is the proton magnetogyric ratio, and
r is the proton-proton distance. From Equation 1 and Figure 1 we conclude
that r = 2.56 * .045, in agreement with the literature (3). So from the

standard FT spectrum we can already determine the I - I separation, and in
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order to be useful, our homonuclear dipolar modulation experiment must give
us additional information.

In Figure 3 we show schematically the r.f. pulse sequence applied
during the dipolar modulation experiment. First, a transverse proton magne-
tization is created by the application of a 90° pulse. A period of time, T,
follows in which nothing is done to the I spins. During this dipolar evolu-
tion period, the I - I pairs are strongly coupled by the dipole-dipole
Hamiltonian. At time t = 0, we apply a standard eight-pulse cycle (4) which
uses the techniques of coherent averaginé5zo remove the 1 - I dipolar inter-
action. By viewing the magnetization stroboscopically at the frequency of
the eight-pulse cycle, we are able to acquire a signal which we Fourier
transform to yield a solid state high resolution chemical shift powder
pattern. We then collect these FT spectra for various values of t. Figure
4 shows just such a series of spectra. The number on the spectra are the
values of T in units of 4.17 psec, so the last spectrum has had a dipolar
evolution time of almost 300 usec. The eight-pulse cycle time was 50 usec.

During the period 1, the total average Hamiltonian that is acting on

each proton pair is

= (0)
H = B(3I, I, - I1.°1,) + dw I + Aw,l
1z 2, 9152 1z, 2z,

2
Y1

B = (1 - 3 cos®8) (2)

P s

r

where factors of h are ignored, 11

momentum operators for the two protons; 8 is the angle between the proton-

and 12 are the dimensionless spin angular
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proton vector, r, and the z-axis, and Aw, and Aw, are the off-resonance

1 2
frequencies. We note that the off-resonance terms commute with the dipolar
term. This is crucial because it means that the developments due to each

can be separated. Although we did not do so, one could, in principle,
refocus the effects of the off-resonance Hamiltonian with a short 180° pulse
placed at % 1. This could be very important if the chemical shift anisotropy
were large and the inherent signal-to-noise were small, because without re-
focussing, only a fraction of the proton magnetization remains a time t = 0.
Since neither of these was a problem for us, we did not use such a spin echo.
Linear phase effects in our spectra resulting from the off-resonance
Hamiltonian not being refocussed were calibrated and compensated for, by
empirically measuring the proper phase corrections in proton H20 spectra

taken off-resonance by various amounts, for each value of T. Thus we can

confine our attention to only the dipolar term
(0) _ .
Hpp ' = 3(3111122 - 1'L) (3)

according to Equation 45 of Chapter 5.

Equation 48 of Chapter 5 shows that this Hamiltonian leads to linear
oscillation of the magnetization at the frequency 3 B/2. As in Chapter 7,
we synthesize a theoretical powder pattern by numerically summing the pattern
from a series of Lorentzian broadened isochromats, representing an isotropic

distribution of crystals. The equation for the actual theoretical spectrum

is
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2n hi]
flw, 1) = “/; ,/; cos (n(e, ¢)t) (4)

x t{w(e, ¢) - wP? + 11 sin ededo

where we have

2

alo, ¢) = 3 L (5)
r

nof

x {1 - 3(sin x sin 8 cos (¢ - ¥) + cos x cos 9)2}

and also
w(e, ¢) = {Aw + mo(oxsinze c052¢ + Uy sinze s1n2¢ + ozcosze)} i% a (6)

where o 1s the empirically determined off-resonance scaling factor of the
eight-pulse cycle (6). Aw is the off-resonance frequency, Wy is the Larmor

frequency of the protons, (cx, (o JES oz) are the principal components of the

Yy
proton chemical shift tensor, (x, V) are the polar angles of the I - I vector
with respect to the chemical shift frame, and (8, ¢) are the polar angles of
external magnetic field, also in the chemical shift frame. The parameter w,
in Equation 4, is the half-width of the Lorentzian broadening function.

From symmetry we know that the chemical shift tensors of the two protons

(see Figure 1) are identical and that these protons have the same local
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environment. Thus we have identical spectra from each of the two [ spins.

111. Results and Discussion

Using Equations 4, 5 and 6, we have synthesized theoretical spectra
for comparison with experimental spectra. Figure 5 shows such a comparison
for spectra corresponding to value of v = 1, 7 and 10 units of 4.17 upsec.
The agreement is quite close, and all spectra used the values for the para-
meters of Equation 4, 5 and 6 of x = 76° + 1°, y = 22°+ 5°, and (o, oy oz)
= (-21.8, -18.2, -.9) ppm. with respect to. TMS.

We feel that these results confirm the validity of the homonuclear
dipolar modulated chemical shift technique. By using it we have determined
the orientation in the chemical shift frame of a proton-proton vector in a
polycrystalline material. This type of experiment could prove very useful
in certain metallic hydrides or in other samples which have a small group of
fsolated spins.

Using the dipolar modulated experiments, we can determine, from a powder,
some information about the relationships of the molecular frame and the
chemical shift frame, j.e., internuclear vector angles and lengths. Single
crystal rotation experiments can provide information about relationship of
the crystallographic frame to the molecular frame, however the presence of

more than one site can lead to ambiguities. By using the two techniques in

tandem, one should be able to resolve some of those ambiguities.



-152-

References

1. L. Mieller, A. Kumar, T. Baumann, and R. R. Ernst, Phys. Rev. Lett. 32,

1402 (1974).
2. M. Goldman , J. Phys. Chem. Solids, 7, 165 (1958).
3. A. Abragam, "The Principles of Nuclear Magnetism", Oxford University

Press, London, 1961, pp. 220, 221.
4. W.-K. Rhim, D. D. Elleman, and R. W. Vaughan, J. Chem. Phys. 58, 1772 (1973).
5. J. S. Waugh, L. M. Huber, and U. Haeberlen, Phys. Rev. Lett. 20, 180 (1968).
6. W.-K. Rhim and D. D. Elleman, L. B. Schreiber and R. W. Vaughan, J. Chem.

Phys. 60, 4595 (1974).



-153-

Figure Captions

Figure 1. Fourier transform of proton free-induction decay in poly--
crystalline trichloroacetic acid. Each horizontal channel

represents 488 Hz'

Figure 2. Diagram of carboxyl groups of dimerized TCAA. The hydrogen
bonds are represented by dashed lines. The distances shown
are in A.

Figure 3. Schematic diagram of r.f. pulse sequence used. A 90° prepulse

is given and followed by the period of dipolar evolution, T.
From time t = 0, the eight pulse cycle is applied to the
protons to remove the homonuclear dipolar interaction.

Figure 4. Homonuclear dipolar modulated proton chemical shift spectra
in polycrystalline TCAA. The numbers indicate the length of
dipolar evolution time, T, in units of 4.17 psec. The spectra
on the right have been vertically magnified for convenience.
On the horizontal axis, each channel represents .71 ppm. The
proton resonance was at 56.4 M Hz.

Figure 5. Experimental (points) and theoretical (solid) TCAA com-
parison of homonuclear dipolar modulated chemical shift spectra.
The numbers represent values for t in units of 4.17 psec. On
the horizontal axis, each channel is .71 ppm. Spectra for
T =7 and 1 = 10 have been vertically magnified by factors of

2 and 5, respectively.
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Fig. 2
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CHAPTER 9

13

EXPERIMENTAL DETERMINATION OF THE ~“C CHEMICAL SHIFT TENSOR IN

*3H,0 USING

KZPt(CN)4Br0.3 2

HETERONUCLEAR DIPOLAR AND QUADRUPOLAR INTERACTIONS

(Chapter 9 is essentially an article by M. E. Stoll and R. W. Vaughan,

13C Chemical Shift Tensor in

R. B. Saillant and Terry Cole, entitled "
K2Pt(CN)4Br0 3-3H20“. This article was published in the Journal of

Chemical Physics, Vol. 61, No. 7, p. 2896, October 1, 1974.)
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We wish to report measurement of the 130 chemical shift tensor within

Kth(CN)QBr0.3-3H20. Because of the anisotropy in its transport
properties (it behaves as a one-dimensional conductor ) this compound has
been of considerable interest and has been the subject of numerous
investigations (1). Controversy still exists over the mechanism
responsible for the high conductivity in materials of this type, and
knowledge of the carbon chemical shift temsor of the cyanide ligands can
furnish 1;£ormation about the electronic structure of the platinum complex.
In addition, although recently developed NMR techniques are being presently
used to measure carbon chemical shift tensors in solids (2,3), there have
been no reported measurements of transition metal complexes. The results
reported here furnish information on the anisotropy in the electronic
structure of the cyanide in this square planar platinum complex and can be
compared, for example, with measurements of the 13C chemical shift tensor
in HCN.

In order to have sufficient sensitivity for conventional pulsed NMR
studies, single crystals of the compound were grown from cyanide 60%
enriched in 130 by a process previously reported (4). Crystals grown by
this method have been extensively analyzed and are well characterized (5).
Spectra were obtained by conventional pulsed NMR at 14.2 MHz with some
signal averaging (~ 500 scans per spectra). The crystal orientations were
determined from Lthe anisotropic optical properties of the crystal along
with the NMR spectra.

X-ray studies by K. Krogmann and H. D, Hausen (6) have characterized
the structure of this compound, and Figure 1 schematically illustrates the

relevant part of the structure and identifies the orientations of the
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coordinate systems used in this work. Due to a high degree of symmetry at
each carbon site, one can fix the orientation of the principal axis of the

chemical shift temnsor (7) as indicated in Figure 1. The o axis is taken

11

parallel to the C-N bond axis, is parallel to the Pt-Pt axis, and 952

933
is perpendicular to both %1 and O3 The square planar platinum
complexes are stacked in columns with the Pt atoms on the column axis to
produce the solid structure, Each alternate layer, i.e. platinum complex,
is rotated 45°, and since the crystal structure is tetragomal, there are
two inequivalent carbons, K. Krogmann and H, D. Hausen (6) report C-N
distances of 1.19 + 0.12 A for the cyanides parallel to the a or b axes and
1.13 + 0.12 R for those at 45° angles to the a and b axes. It was not
possible to detect any differences in the chemical shift tensors of the two
carbons, and analysis of the NMR spectra yields an effective C-N distance
of 1.14 + 0.01 A, ignoring possible spin-spin interactions.

The NMR spectra exhibit, in addition to the desired chemical shift
tensor, the effects of dipolar interactions between the various nuclei with
non-zero magnetic moments. Since the 130—14N and 13C—lgsPt nearest
neighbor dipolar interactions are by far the largest dipolar interactions
present, they were treated explicitly and all other dipolar couplings were
incorporated into a Gaussian broadening function,

13, 14

The treatment of the N dipolar interaction has some novel

features not normally encountered and deserves some special discussion,

The laﬂ nuclei have electric quadrupole interactions in this material which

are of comparable size to their Zeeman interactions. Consequently, there
is an orientationally dependent mixing of the normal 16N Zeeman

eigenfunctions, and these new eigenfunctions must be used in calculating
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the dipolar splitting of 130 by the 1l'N. One must solve for these new
eigenfunctions by diagonalization of a combined Zeeman-quadrupolar
Hamiltonian. This was done for the case of an axially symmetric electric
field gradient with its symmetry axis along the C-N bond. A value of equ
of 3.467 MHz for the quardupole interaction was obtained from the work of
Ikeda et al. (8) on a similar compound, Kth(CN)4-3HZO. Thus the
Hamiltonian given in Equation 1 was used to determine the IAN energy levels
as a function of the angle, n, between the magnetic field direction and the
symmetry axis of the electric field gradient. The resulting energy levels

are plotted in Figure 2a (solid lines) along with the levels for a pure

Zeeman Hamiltonian (dotted lines), ignoring the quadrupolar interaction.
3 2 J[2 1 1 2
By = - TN'LHOIZ +3e quIIZ - -‘-.-I1+1_ + I__1+”3(3cos n - 1)
2 2]1 2 1
+ [I+ + I_II sin"n + II+Iz + IzI+ + I_Iz + IzI_lz-sin(Zn)I (1)
13

Using the eigenfunctions of Equation 1, the C energy level splittings

13, 14

expected from the N dipolar interaction are calculated as a function

of n, and these are plotted in Figure 2b (solid lines) along with

l[‘N (dotted

lines). Equation 2 is the final expression needed to calculate the 130

dipolar splittings caused by IAN, where a, b, and ¢ are the coefficients

splittings expected had there been no quadrupole effects on the

(determined from the Hamiltonian in Equation 1) for the nitrogen Zeeman

states, m, = 1, 0, -1 respectively.

2
Y. Y
Lgﬁ_l(az - .:2) (1 - 3coszn) - 3—{3— (a + c)b sin(2n) (2)

tcN

AE = +
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A point to be noted in the derivation of Equation 2 is that one
obtains a secular (first order) contribution from terms in the dipolar
Hamiltonian which normally make no such contribution. That is, one
normally expands the dipolar Hamiltonian into six terms, A-F (9), and in
cases of unlike spins,one obtains a secular contribution from only the A
term, However, since the appropriate 14N levels are now linear
combinations of the nitrogen Zeeman levels, two additional terms, C and D,
make first order contributions as well. This accounts for the gross
difference between the two solutions plotted in Figure 2b and illustrates
how the presence of the nitrogen quadrupolar interaction produces large
qualitative effects in the 13C spectra. Note, for instance, that the
solutions ignoring the effects of the nitrogen quadrupolar interacticn
always produce a symmetric triplet for the carbon spectra, while with the
nitrogen quadrupolar interaction taken into account, one can obtain highly
asymmetric doublets and symmetric triplets at only three angles., It should
also be pointed out that the dipolar interaction can only split the
spectra, thus the center of mass of the spectra remains a function only of
the chemical shift tensor.

Because 33.7% of the platinum nuclei are 135

195, 1

Pt with a spin of 1/2, the

3C dipolar interaction will be to generate a pair of
14N_13

effect of the

satellite lines around each of the C lines with approximately 1/4 the

intensity of the main line. Thus the final 130 spectra consists of peaks,
the center of mass of which are determined by the chemical shift tensor,
and which are split according to the solid lines in Figure 2b with, in

addition, a pair of satellite lines around each of the 130—14

y 135195

N lines caused
b Pt dipolar interactions. The position of the platinum split

lines was calculated using the reported (6) C-Pt distance.



-164-

To obtain a spectrum for comparison with experimental data,it is then
necessary to add the appropriate chemical shift, o (Equation 3) (9), to the
calculated dipole split spectrum and to then superimpose such spectra for
each carbon in the structure. The chemical shift can be expressed in terms
of three principal values, o

11* %22 and 633 and the angles, 6 and ¢, which

specify (see Figure 1) the orientation of the magnetic field.

cosze + 0o sin2631n2¢ + 0 ainzecosz¢ (3)

O =y 22

11

Figures 3a-f reproduce three of the experimental and calculated
spectra. Although the procedure for determining the effects of dipolar
interactions on the carbon spectra appear‘complex, there are few adjustable
parameters in the final equations., The spectrum in Figure 3a (taken very
close to 6 = 0) was used to determine: (A) 033, (B) the effective C-N
interatomic distance (from the splitting of the two outside peaks), and (C)
the effective line width (by adjustment until a fit with the spectra was
obtained). All of the remaining two dozen spectra, taken as a function of
6 and ¢, were synthesized by adjusting only the remaining two components of
the chemical shift tenmsor, %y and 911 Good qualitative agreement between
experimental and calculated spectra were obtained in all cases,thereby
furnishing strong justification for the validity of the analysis presented
here. Figures 3c-f have been included to give some feeling for how sample
rotation affects the observed spectra. The asymmetric nature of the
spectra generated by the presence of the laN quadrupolar interaction is
evident in Figure 3c, while the asymmetry in Figure 3e is being generated
by the large difference in the chemical shift components %11 and ©

22 as

well as ll'N quadrapolar effects.



-165-

Because of the sensitivity of the NMR spectra to the value given the
C-N interatomic distance and the fact that the x-ray values contain rather
large error limits, an effective value for the C-N distance was determined
from the spectra in Figure 3a and used in all remaining spectral
calculations. This value of 1.14 + 0,01 ;& is more precisely known than the
x-ray values; however, it may be in error due the .presence of anisotropy in
electronically coupled spin-spin interactions (9), which have been ignored
in this analysis.

The values obtained for the principal values of the carbon chemical
shift tensor are N + 261 + 10 ppm, Oyp = = 48 + 10 ppm, and 933 =
- 10 + 5 ppm, relative to the carboxyl carbon in a concentrated acetic acid
solution. This gives an isotropic average, o of 68 ppm, an anisotropy,
Ao = o11 " %—(022 + 033) of 290 ppm, and an asymmetry, (033 - 022)/ (011 - F), of
0.2. The isotropic value is the same, within the accuracy of the measurement,
to the trace value of HCN (10), and liquid crystal measurements of the HCN
carbon chemical tensor have yielded an anisotropy of 280 + 20 ppm (11)
which is equivalent to the value reported here. Thus, the effect of the
cyanide bonding to the platinum, and all associated effects due to the

particular solid state structure, primarily affect the carbon chemical

shift tensor by producing a nonzero asymmetry (0.2) around the C-N bond.
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A portion of the structure of Kth(CN)aBro_3-3H20 is
illustrated, as determined by K. Krogmann and H. D.
Hausen (6). The principal axes for one of the carbon
atoms is illustrated, as is the nomenclature (0 and ¢)
used to specify the crystal orientation with respect to
the external magnetic field, HO.
The energy levels for 14N are shown as a function of n
(the angle between the Zeeman axis and the symmetry axis
of the quadrupole tensor). The solid lines are the
levels determined for the combined Zeeman-quadrupolar
Hamiltonian, while the dashed lines are the levels for a
pure Zeeman interaction. (One vertical unit equals

3e2qQ/4 = 2.60 Miz).

The dipolar splitting of the carbon by the nitrogen is
shown as a function of n (note that the symmetry axis of
the nitrogen quadrupole interaction was assumed to be
parallel to the C-N internuclear vector). The solid
lines were obtained by using the combined Zeeman-
quadrupolar Hamiltonian for the nitrogen, while the
dashed lines were obtained by assuming the nitrogen
states were determined from a pure Zeeman Hamiltonian.

(One vertical unit equals YCTﬁﬁzl(racﬂ) = 1.48 kliz.)



Figure 3
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Comparison of experimental and theoretical 130 spectra.
The vertical scale is arbitrary but the same for all
spectra, and the horizontal scale is 3.91 kHz per
division. The dashed vertical line represents the
location of the carboxyl carbon in CHBCOOH which was used
as a reference. Figures (a) and (b) are the
corresponding experimental and calculated spectra for
o = 3° and ¢ = Oo, Figures (c) and (d) are the
corresponding experimental and calculated spectra for
6 = 30o and ¢ = 00, while Figures (e) and (f) are the
corresponding experimental and calculated spectra for

o = 90° and ¢ = 22.5°,



-170-

Fig. 1
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APPENDIX

A SIMPLE SINGLE-COIL NUCLEAR MAGNETIC DOUBLE RESONANCE
PROBE FOR SOLID STATE STUDIES

(The Appendix is essentially an article by M. E. Stoll, A. J. Vega, and
R. W. Vaughan, entitled "A Simple Single-Coil Double Resonance NMR
Probe for Solid State Studies". This article has been accepted for

publication in Reviews of Scientific Instruments.)
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I. Introduction

A critical element of a pulsed nuclear magnetic resonance (NMR) spectro-
meter suitable for work in solids is the sample probe, a unit designed for
application of intense rf magnetic fields to the sample and for detection of
the resulting weak rf magnetic fields generated by the sample. This paper will
describe a single coil, double resonance sample probe which has been used for
a variety of NMR experiments, including both high resolution solid state

(1?2’3) and liquid studies(4). While primarily designed for these

studies
experiments, which require the generation of rf fields in the sample with rotating
components of 50 gauss amplitude at two different frequencies simultaneously,
as well as the ability to observe weak NMR signals at both frequencies, this
probe should be useful for a wide variety of solid state double resonance
experiments(s'lo).

Since the probe characteristics often set the practical limitations on the
performance of an NMR spectrometer, there have been numerous discussions of probe

design in the literature in recent years(ll'zz)

, and we will 1imit our discussion
to a presentation of the criteria needed for the recently developed solid state,
double resonance experiments and a discussion of a particular design we have
found convenient and satisfactory over a wide frequency range (from 12-270 MHz).
This design is useful when the two rf frequencies are sufficiently separated (a

factor of four in our experiments).

11. The Sample Probe

The high resolution, solid state double resonance NMR schemes developed
require: (a) the generation of rf field strengths of near 50 gauss in the
rotating frame at each of two widely separated frequencies, (b) a low degree
of rf field inhomogeneity (less than 0.5% over the sample volume) at both

frequencies, (c) the spatial pattern of rf field inhomogeneity within the
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coil to be identical at both frequencies, and (d) the capability of
detecting microvolt-level signals in the solid at each of the rf frequencies
while subjecting, or within several microseconds after subjecting, the solid
to a high-level (100 watt) irradiation at the second frequency. Essentially,
all of these criteria are most easily satisfied by using a single coil for
transmitting and receiving both frequencies(llhzah although it does require
some electronic means of isolating, or separating, the two frequencies. A single
coil configuration is particularly compatible with the restricted space
available in the high field magnets.

The design we have found most useful is illustrated in Figure 1. A piece
of coaxial cable, one-fourth of a wavelength (A/4) at the higher frequency

(15’23)by enabling the sinale coil L to be

serves a critical isolation role
the inductance in two resonance circuits, each of which can be tuned and impedance
matched at its own frequency. It also prevents high-frequency power loss
into the low-frequency source while the loss of low-frequency power into the
high-frequency source is prevented by keeping C3 small. This system allows
both frequencies to have high Q response and yet furnishes the needed frequency
isolation. This scheme has been used over the past two years at a variety
of frequencies, andthe detailed discussion of the
probe <ircuit will be divided into two sections: one to describe the lower
frequency version used for 13C (14.2 MHz) - H(56.4 MHz) and 297Pb(12.5 MHz) -
19F(56.4 MHz) double resonance in 14 kilogauss fields, and the other to describe
the high-frequency version for 13C(68MH2) - 1H(270 MHz) experiments in a
63-kilogauss superconducting magnet.

A rather standard system of equations needs to be solved to estimate the

component values for a particular case. Tuning and impedance-matching conditions
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on the low-frequency circuit require, respectively:

1, 1
1
o, "~ R Ror (2)

and similar conditions for the high-frequency circuit require:

1 1
—_— 4 now L (3)
mh03 th4 h

1 R
th4 v Roh (4)

mz_and w, are the low and high frequencies in radians per second; Rot and ROh
are the desired input impedances; and R is the effective series resistance

of the coil. These equations were obtained from an essentially zeroth

order
approximation that involves ignoring small residual effects of ¢y and C2 on the

high-frequency response and of C_ and C4 on the low-frequency response of the

3
probe. As long as the inequalities
Roczwhcz >> th (5)
Cys €y >> Cq (6)
(where Roc is the coaxial cable characteristic impedance)
are maintained, this appears to be an adequate description, particularly since
one must expect that the effective, in circuit, values will be affected (strongly
at high frequencies) by the geometrical configuration of the probe, and thus the
final values of all components must be empirically adjusted(24}. A proper choice

of coil inductance, L, allows one to maintain inequalities, (5) and (6),
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as long as the two frequencies are sufficiently different. The low-frequency
impedance matching capacitor, CZ, and the high-frequency impedance matching
capacitor, 04, are shown as fixed capacitors since impedance matching is not so
critical as to require continuously adjustable capacitors at those points,
and the practice was to add in parallel small fixed ceramic capacitors(ZS)
to arrive within a few percent of the desired impedance. C1 served as the
low-frequency tuning capacitor while C3 maintained the high-frequency tuning
condition, and although both capacitors affect the tuning of both high and
low frequency resonance, the large difference in the size of the capacitors
Cllc3 ~ whzlmzz allowed nearly independent tuning. Point B is the high-impedance
(high voltage) point for the higher frequency, while point D is the high-
impedance point for the lower frequency, and, consequently, both capacitors
C1 and C3 must be able to withstand the several kilovolts present at 100 watts

of applied rf power.

A. Low-Frequency Version

w

© For the situation where the probe was tuned for §§-= 14.2 MHz and
= 56.4 MHz and with R, = 200 2 and Rop = 50 2 we obtained a circuit with

Qh = 80, and Qz = 60 when we used a solenoidal sample coil 1.5 cm long and 6 mm in
diameter consisting of 14 turns of flattened #20 copper wire (measured inductance
of 0.36 pH). The nominal (low-frequency) values of the capacitors used were:

C1 = 230 pf, C2 = 820 pf, C3 = 28 pf, and C4 = 94 pf. The actual effective, in
circuit, values of these capacitive elements differed substantially, particularly
for the larger values of capacitance, from the nominal values as can be seen in
comparing the reported values with the results of Equations 1-4.

The coil was designed to both furnish the desired inductance, L, and an intense,
uniform H1 field (Hl inhomogeneity was measured to be 0.3% over a 4 mm diameter
spherical sample, and with 100 watts of input power on both high and Tow
frequencies, H1 field strengths of 50 gauss were obtainable).

This version of the probe was designed for operation within a 4.8 cm wide
gap of a conventional electromagnet, and consequently, no severe space problems
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were encountered, and it was possible, for example, to use a conventional
variable vacuum capacitor as part of Cl. A simple variable ceramic trimmer in

parallel with a fixed ceramic capacitor was used for C Temperature regulation

3
capability was obtained by encasing the sample coil in a glass dewar (unsilvered)
and simply passing the coil leads through the dewar walls. In addition., the
probe was designed for use with an already existing rotational device for
use in single crystal studies.

It was found necessary to take care to remove all dielectric materials
containing protons when the proton signal was to be observed. In particular,
a teflon dielectric A/4 cable was used in this case, and likewise when the

fluorine signal was to be observed, no fluorine-containing material was allowed

as a dielectric.

B. High-Frequency Version

Because of the inherent difficulty of working with the high rf
frequency used in this version (270 MHz), special care had to be taken in the
physical construction of the probe and its components to avoid additional and
undesirable inductances and capacitances. The solenoidal sample coil was
again constructed from flattened copper wire (#16 flattened to a width of 2 mm)
which was wound into a 9-turn,1.4 cm long coil of 6 nm diameter. The measured
inductunce of the coil was near 0.16 pyH and stayed frequency independent to
well beyond 270 MHz. The high-frequency tuning and impedance-matching
capacitors C3 and C4 were combined into a single cylindrical unit which is
illustrated in Figure 2. The capacitor C3 was formed by the central copper
rod (which is connected directly to the coil at point B) and the adjustable
inner cylinder. This capacitor has a restricted, but usable tuning range of

from 1.5 to 3.5 pf. The capacitance between the outer two cylinders is near
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40 pf, and since the outer cylinder is grounded, it constitutes the main part
of the matching capacitor, 64. Final adjusting of C4 was accomplished by adding

(

small fixed ceramic capacitors 23) between point C and the outer cylinder. This
geometrical configuration allowed effective shielding of the bulky C3

capacitor and furnished 2 low inductance ground connection between the incoming
cable shielding and the ground side of the coil L (the incoming cable was
soldered to the bolt at point C and the ground to the outer cylinder at that
point). In this geometry it was necessary to add 36 pf of additional capacitance
between point C and the outer cylinder for a 50 ohm impedance match with the
incoming 270 MHz signal. For capacitor Cl a variable capacitor identical in
construction to that used for the C, part of the cylinderical unit illustrated

3
in Figure 2,was used with additional fixed ceramic(ZS)

capacitors in parallel

to give a total capacitance of 32 pf. The A/4 cable was a teflon-dielectric
coaxial cable. The low-frequency matching capacitor, Cz. was large, 350 pf,

and care had to be takenin its placement in order to maintain its value because
even short leads could add sufficient inductance to alter its impedance

radically. The exact length of the co-axial cable was determined experimentally
such that the connection of the cable did not change the resonance frequency

of the 270 MHz portion of the probe. With the A\/4 cable disconnected the Q of the
270 MHz resonant circuit was 300, and upon connection of the A/4 cable, this figure

dropped to 150. The Q of the 67.9 MHz portion was measured to be near 80, and no

measurable power loss could be attributed to the A/4 cable at this frequency.
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The application of 330 watts of 270 MHz power was required to produce H1 field
strengths of 33 gauss, indicating some additional loss mechanism still
unaccounted for in comparison to the low-frequency version. It was found

(25

necessary to use three ceramic capacitors ) in series for the padding
capacitor in parallel with the adjustable portion of C1 since the application
of 300 watts was sufficient to cause arcing across a single capacitor in this

position.

II1I. Operational Characteristics

The actual operational configuration for the probe is illustrated in
. . . 26
Figure 1. A power-activated diode (PAD) sw1tch( ) was used to couple the

transmitter and receiver to the probe circuit for the lower frequencies, and

t(14'22)was used for coupling at the higher frequency.

(27)

a A4 arrangemen
Commercially available filters were used at the probe inputs as illustrated
in Figure 1. A wideband receiver (5-300 MHz), which has been previously

(28).was used for observing both frequencies by simply connecting

described
the appropriate signal line to the receiver. The ability to use the same
wideband receiver for both high and low frequency signals emphasizes the
frequency isolation obtained with the combination of probe and commercial
filters.

The probe was operated in two modes. In one case it was necessary to
observe one frequency in the midst of a complex pulse cycle where, during a
window of a few microseconds, no rf was being applied at either frequency.

In this case the commercial filters were not used since they hindered recovery

times. A 100-watt signal applied to either input of the probe resulted in

a 10-15 volt peak-to-peak leakage signal at the opposite input, and this was
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further reduced to less than one volt by the time it arrived at the

receiver. The receiver was designed to handle volt-level transients(zg),
and signals could be observed, for example, from either protons or carbon-13
in the normal 4 microsecond sampling window of the eight-pulse cycle

with a cycle time of 48 microseconds. In the second mode, it was necessary
to observe one signal while simu1taneoﬁ51y applying high rf power to the
probe at the second frequency. The use of both of the commercial filters was
necessary in this case in order to: (a) protect the receiver from overloading
due to the high power rf signal at the second frequency, and (b) prevent

the high-power input signal from containing any rf component at the detection
frequency (once a signal of this sort reached the probe, it could not be
removed by any filtering without also filtering out the NMR signal to be
observed).

An example of the performance of the probe in this second mode is
illustrated in Figure 3, which is an oscilloscope photograph of the207Pb
NMR signal observed in PbFz. with (bottom) and without (top) decoupling the
19F. In the upper trace no fluorine decoupling power has been applied and the
207Pb signal decays too rapidly (due to heteronuclear dipolar interactions) to
be obsarved on this timescale (5 msec total scan), while in the lower trace
fluorine decoupling power has been applied and the 207Pb signal is clearly visible.
One notes that the presence of the high-power level of fluorine irradiation has
not produced any noticeableincrease in the noise observed at the 207Pb frequency.
Other examples of the quality of data obtained can be found in recently

published papers(2’3’4).
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Figure Captions

Figure 1: (A) Schematic diagram of double resonance probe. The high-frequency

connection is at point C , while the low-frequency connection
is at point A . Inductor, L, represents the sample coil,
R represents losses in the coil and remaining circuit,and £
is the length (A/4 at the high frequency) of a piece of coaxial
cable.

(B) Connection of probe to receiver and transmitter. The optional
filters (F1 and Fh) are shown with dotted outline, and the connection of
either frequency to the broadband receiver is made through a

conventional A/4 arrangementor a PAD switch (P).

Figure 2: Cross section of unit which comprises capacitors C3 and C4 in higher
frequency version of probe. Points B and C correspond to those in
Figure 1. Respective diameters are: a = 0.32 cm,
b=1.11 cm, ¢ =1.5 cm, d=2.22cm, e =2.38 cm, and f = 0.64
cm. A similarly constructed unit, without the outer metal ground

(d and e), served as the adjustable portion of capacitor Cl.

Figure 3: Free-induction decay of 207Pb in solid PbF2 without (top trace)
and with (bottom trace) 19F decoupling. The horizontal axis is
5 msec fullscale, and no 207Pb NMR signal is observed in the top trace
on this timescale due to heteronuclear dipolar broadening, while
the decoupled 207p), signal is apparent in the lower trace. Comparison
of the two traces shows no observable increase in the noise level

on the 12.5 MHz channel (207

56.4 MHz channel (1%F).

Pb) when high power is applied to the
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THE END



