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ABSTRACT OF THE DISSERTATION 

 

 

 

 

New Probes of Spin Physics and Correlation in Solid-State NMR 

 

 

by 

 

 

John Michael Kaiser 

 

 

Doctor of Philosophy, Graduate Program in Chemistry 

University of California, Riverside, August, 2009 

Dr. Leonard J. Mueller, Chairperson 

 

 

Solid State Nuclear Magnetic Resonance has moved to the forefront of spectroscopic 

techniques to elucidate the structure and dynamics of a protein in a restricted state.  The 

methodological development in the instrumentation and pulse sequence design has 

allowed the true benefits of working with solids using NMR to be realized.  In this thesis 

three different NMR probes will be highlighted which showcase the unique problems that 

are solved as a result.  First, the problems associated with the implementation of a 

computational step using the spins for quantum information processing will be explored.  

As it turns out, there exists decoherent behavior or losses of information during the 

processing steps that have been addressed and will be discussed.  From here the gears 

will be switched to explore the establishment of a protocol for delineating the complete 

assignment of the back-bone and side-chain of a protein will be highlighted and the 

development from both the theoretical side along with the instrumentation side will be 

discussed.   



 vii 

Finally, as a result of the improvements in both of the previously highlighted applications 

will lead to the attempt to generate an electric field across a sample while immersed in an 

NMR receiver coil will be explored with the ultimate goal of observing the NMR spectral 

signature.  After highlighting these three applications the ability to utilize the methods of 

solid-state NMR should be completely realized as a result. 
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1. INTRODUCTION TO SOLID-STATE NMR 

 

 

     Nuclear Magnetic Resonance (NMR) has emerged as a truly remarkable tool for 

solving a wide range of problems for chemists and in recent decades a wide range of 

other disciplines.  Open a multitude of journals to their respective table of contents and 

undoubtedly, there is a large chance that an article title will contain some form of NMR 

included.  This was not always the case and part of the intention in describing an 

introduction to NMR as a spectroscopy for this thesis will be to give you a brief overview 

of the emergence to the tool that is used currently.  One very important point to consider 

before proceeding further is to understand the big picture of the NMR experiment.  After 

one has perturbed the system of nuclear spins in a physical sample with various Radio 

Frequency pulses, the signal which is detected is ultimately displayed on a computer 

screen in the form of an energy spectrum.  Depending on the composition of the sample, 

a certain number of peaks will be displayed on the screen.  Their location in the spectrum 

will give information into the nature of the interactions between the nuclear spins and 

various magnetic fields.  Understanding the nature of the interactions will define the 

utility of the NMR experiment.  In exploring the nature of these interactions, the aim of 

this chapter is to introduce the dominant interactions which give rise to the NMR signal.  

These interactions are what the spin Hamiltonian is composed of which defines the 

system under measurement.  A partitioning of the Hamiltonian into five main 

components is possible: Zeeman interaction, chemical shielding by electrons, through-

bound electron mediated coupling, through-space dipolar couplings of nuclear spins, and 

a quadrupolar interaction from the electronic field gradient at the nucleus.  The 
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quadrupolar interaction is useful in certain NMR experiments, although this interaction 

will not be discussed in this thesis.  Armed with the understanding of the nature of the 

interactions which directly give rise to the NMR signal, it will be easier to traverse the 

landscape of possible NMR experiments that are currently practiced.  There exist 

multiple avenues through which different experimental protocols which are in the form of 

a pulse sequence.  One example that comes to mind is the enhancement of the sensitivity 

of a rare nucleus by the transfer of polarization from the abundant magnetic nucleus.  As 

a consequence, the magnetization is transferred from the more naturally abundant nuclei 

to the less abundant nuclei to directly enhance the NMR signal.   

     An overview of this entire thesis is as follows.  First, there will be a brief historical 

section highlighting the experiments which introduce various interactions various 

interactions of the spin Hamiltonian along with the experimental protocols that are 

pertinent to the content of the later chapters of this thesis.  In Chapter 2, the construction 

and design process of new novel probes will be laid out along with the actual steps of 

construction of a double resonance static sample probe will be shown.  An introduction to 

these concepts will help clarify the remaining Chapters (3-5) of this thesis.  There will be 

three main applications of NMR presented in this thesis:  Quantum Information 

Processing, Protein Back Bone chain elucidation and observation of the NMR Stark 

Effect.  First, a few developments in the form of theory and experiment from the pre-nmr 

era will be highlighted.  A more detailed catalog is provided by Trigg,
1
 whereas only the 

most relevant aspects will be presented here. 
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Pre-NMR era    

     Prior to the first NMR experiment there were some experiments which were very 

important to the realization of the NMR experiment.  In 1903 Pieter Zeeman was 

awarded the Nobel Prize in physics for his observation of an effect that was named in his 

honor.
2
  He observed a visible change in the energy spectrum of the sodium lamp in the 

presence of a magnetic field, the cause of which is the breaking of degenerate energy 

levels into energy levels with a difference in energy between them.  For spin-1/2 nuclei, 

breaking the degeneracy of the energy levels is visualized in Figure 1 below.   

 

Figure 1: Zeeman spitting of a spin-1/2 nucleus 

 

In the absence of a strong magnetic field, the energy levels labeled α and β are 

degenerate.  Upon the application of a strong magnetic field, the energy levels are no 

longer degenerate, which results in a splitting of α and β levels.  The difference in energy 

can be expressed in equation form along with the dependence of the magnetic field 

strength in equation 1. 

                                          ∆Е = γћВo                               (1) 

∆E =  γћBo  = һυ 

Increasing magnetic field Bo 

Increasing energy E 

α β 

β 

α = + ½  

= -½  
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The magnetic field exerting a force on the nuclei is defined as Bo and referred to as the 

static magnetic field.  Each atomic nucleus has a specific gyromagnetic ratio and 

represented by the symbol γ along with the unique value for each nucleus.   The value of 

the gyromagnetic ratio is related to the interaction of the magnetic moment of the atom 

and the magnetic field.  Additionally, the quantization factor of Planck’s constant which 

is represented by the symbol ћ is included in the equation.  At the same time the 

difference in energy caused by the application of the magnetic field can be represented in 

terms of a frequency of precession of an atomic nucleus in the specified field.  This is 

represented in equation 2 as the energy associated with the frequency of a precession of a  

magnetic moment in a magnetic field. 

 

                                       ∆Е = һυ                                (2)   

 

Where, υ, is the frequency of precession of the nuclei in the presence of the strong static 

magnetic field.   

       The observation by Zeeman inspired a discovery a few years later referred to as the 

Stark effect
1,3

named after Johannes Stark, where an electrical field is used to exert a force 

instead of a magnetic field.  An applied electric field therefore interacts strongly with the 

dipole moment of an atom. This interaction revealed itself in the form of shifting and 

spitting lines in an energy spectrum as a result of the applied electric field.  These 

observations and hypotheses along with others over the course of time led to a more 
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descriptive structure of the atom.  The reader is directed elsewhere for elaboration on the 

development of spin and related events leading up to the work that led to the inception of 

NMR
1
. 

 

The early days of NMR 

      Rabi set the stage for the discovery of Nuclear Magnetic Resonance with his 

Molecular Resonance Method experiment.  This experiment is more appropriately 

described by George L. Trigg in his book, “Landmark Experiments in Twentieth Century 

Physics” in the following quote stated below. 

“…The first of these[experimental apparatus’s] made use of the fact that 

in an atom with both an electronic and a nuclear magnetic moment, the 

effective total moment (defined as the derivative of the orientational 

energy with respect to the externally applied magnetic field H) depends on 

the magnitude of H, and also on the magnetic substate, that is, the 

component of the total angular momentum in the direction of H.  The 

analysis will not be given here; the result is that the nature of the 

deflection pattern at a given value of H reveals the value of the nuclear 

magnetic moment µI.” 

 

 

For this work, I. I. Rabi was awarded the Nobel Prize in 1944.  With the onset of World 

War II there would be a delay before the first experiment could be realized by Felix 

Bloch and Edward Purcell.  Both were involved to some extent with the development of 

radar during the war, which would eventually help realize NMR.  The official discovery 

of NMR came in 1946 as a result of these gentlemen’s work.  This was possible as a 

result of many physicists work over the course of 50 years. 
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     Purcell, Torrey, and Pound observed a signal from a resonance condition of the nuclei 

in solid paraffin
4
 while at the same time and independently, Bloch, Hansen, and Packard 

observed the same resonance condition in a sample of water
5
.  Both observations were 

the result of the same principle underlying the experiment.  They were awarded the Nobel 

Prize in 1952.  The early days of NMR were filled with a large number of contributions 

to the field as a whole
6
. This brief historical overview will be restricted to the introducing 

the discovery or highlight initial work by those who eventually defined the components 

of the solid-state spin Hamiltonian.  Following this will be a timeline of the introduction 

of a few techniques which later will be shown to enhance certain aspects of the NMR 

spectrum will be highlighted.  These include cross-polarization (CP), Magic-Angle-

Spinning (MAS), decoupling and 2D NMR.   

 

Dipolar Coupling 

     Early studies focused on the using solid samples primarily due to the use of dipole-

dipole interactions.  In 1946 Purcell, Bloembergen, and Pound
7
 observed the orientation 

dependence of the dipole-dipole interaction in solids by studying a single-crystal of CaF2. 

This led to eventually in 1948 the independent experiments of Pake
8
 which showed how 

Doublets changed position as a function of rotation along with Van Vleck’s
9
 analysis of 

moments that give rise to the Dipolar Broadening of spectral lines.  The outcome of these 

independent observations was that the shape of the absorption line is dependent on the 

dipolar interactions present in the crystal structure.  

In equation form, the component of the spin Hamiltonian which is attributed to 
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the through-space dipolar coupling of nuclei can be expressed as follows. 

 

                                    j

z

ji

i

z

j

ji

i

D IIIDIH ⋅=⋅⋅= ∑∑
<<

ωˆ      (3) 

 

where ω  has an angle and distance dependence between the two spins as shown in 

equations 4 and 5 below. 

 

                                    
2

1cos3 2
−

±=
θ

ω D               (4) 

 

                                    
3

ij

ji

r
D

hγγ
=                            (5) 

 

This component of the spin Hamiltonian is dependent on orientation of the internuclear 

vector and the magnetic field.  The internuclear vector is a vector that is formed by the 

coupling of nuclei i and j.  Dipolar coupling information is very useful since obtaining a 

measurement of it allows a determination of a distance between coupled spins.  Distance 

measurements obtained from measuring the dipolar coupling allows the constraining of 

shapes of complicated molecules which include protein structures.  The dipolar tensor has 

a traceless feature which means that in a liquid-state experiment this component of the 

spin Hamiltonian is averaged to zero by the molecular motion.   
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Chemical Shift 

     As progress continued on with solids a transition occurred in which the choice of state 

was directed toward the liquid-state.  Moving ahead to 1950, the NMR community 

became interested in studying weaker interactions such as the effect of the chemical 

shielding of a nucleus by the surrounding electron distribution.  Proctor and Yu at 

Stanford were looking into the effect on the resonance of nitrogen as a function of the 

presence paramagnetic and diamagnetic contributions
10

.  At the same time, Dickenson at 

MIT was studying fluorine resonances and the contribution to the resonance lines in the 

presence of different chemical environments
11

.  The results of there quest for information 

into the effect on a given nucleus by electrons surrounding can be summed up by 

showing the component of the spin Hamiltonian for this interaction. 

.  The Hamiltonian for the chemical shift interaction is shown in equation form below.   

 

                       

)()()()()(ˆ i

z

i i

i

o

iii

nCS IBIH ∑ ∑=⋅⋅= ωσγ

       (6) 

 

where 
)(i

σ  is the chemical shift tensor or chemical shift anisotropy tensor (CSA) for a 

given nucleus along with o

i
B

)(
σ

which is the magnetic field that is a result of the 

electronic environment at that nucleus.  The molecular structure governs the magnitude 

of the effect and is only present in the presence of a magnetic field.  In equation 5, 
)(i

ω  

has some additional angular dependence, which is shown in equation 7. 
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[ ]








+
−

+= βα
ηβ

δσω
2

2

sin2cos
22

1cos3

            (7) 
 

 

 

 

Something that is not directly observed in liquid state NMR, but is very important in solid 

state NMR, is the fact that the chemical shift not only depends on the local structure but 

on the orientation with respect to the magnetic field.  In liquids, this averages under 

isotropic motion to single value, while in the solid-state gives rise to a broad line.  This 

static broad line is commonly referred to as a powder pattern which is shown in the figure 

2 along with orientations that give rise to the shape shown in figure 3 as an example.   

 

 

                Figure 2: Chemical Shift Anisotropy powder pattern for a typical solid. 
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Figure 3: All possible orientations of a crystallite in a powder sample. 

                                 

     

     Two different geographical locations were interested in acquiring more information on 

the nature of this interaction.  One of the locations was at Berkeley with Hahn and 

Maxwell while the other was out of Illinois with the workings of Gutowsky, Slichter, and 

McCall.   Hahn and Maxwell used a spin echo experiment in order to investigate the 

effects of both chemical shifts and indirect spin-spin coupling
12

.   Gutowsky, Slichter, 

and McCall studied 
1
H, 

19
F, and 

31
P nuclei in various compounds observed the splitting of 

spectral lines and attributed this to the indirect spin-spin coupling between two nuclei
13

. 

Scalar coupling or indirect spin-spin coupling results from a through-bond coupling of 

nuclei.  Figure 4 shows a cartoon portrayal of this through-bond interaction in the form of 

coupling of nuclei. 
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Figure 4: J-coupling as a result of through-bond interaction. 

 

 

This interaction signifies a covalent through-bond interaction which can give rise to 

through-bond connectivities and will be explained in chapter 4 of this thesis.  Typically in 

the solid-state Hamiltonian J-coupling is usually not considered as this interaction 

strength is small compared to the dipolar interaction.  Although, in the next section a 

technique which directly utilizes J-coupling as a result of an averaging of the dipolar 

interaction simply by a mechanical rotation of the sample will be highlighted.   

     It may have appeared at the time that most of the community was interested studying 

the liquid-state, but progress was still being made toward finding a way to make the 

broad lines useful to the community.  Development of the instrumental setup and the 

building up of less sensitive nuclei by different techniques was on the rise.  Hydrogen 

possesses a large gyromagnetic ratio (which gives rise to a large signal) along with the 

fact that 99.9% percent of the sample is NMR active.  Compare this to that of Carbon, 

which is 1.1% naturally abundant.  One can immediately see the issue in terms of 
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sensitivity when measuring the two different nuclei.  As it turns out, Hartmann and Hahn 

came up with their famous Hartmann-Hahn double resonance condition
14

. The result of 

this condition is simply a less abundant nucleus, such as Carbon can receive 

magnetization via a transfer from a nearby Hydrogen nucleus on the condition set by 

Hartmann-Hahn.  Transferring of the magnetization from the Hydrogen to the Carbon has 

the ultimate increase in signal intensity in the Carbon spectrum. This was a consequence 

of two distinct nuclei with different gyromagnetic ratios coming into contact thermally 

through the matching of their Larmor frequencies.  The main benefit in the example of a 

proton which is bonded to a carbon is a four-fold increase in polarization upon the 

transfer of magnetization from the proton.  An illustration of this is shown in figure 5 

below.   

 

Figure 5: Hartmann-Hahn match condition for double resonance. 

 

When the frequencies of the two are matched, a transfer of magnetization occurs and can 

be expressed in a relation below. 

 

   (8) 
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This results as stated earlier in the case of Carbon gaining a four-fold increase in 

polarization from the neighboring protons in the sample.  Taking advantage of this signal 

enhancement along with the dilute nature of the carbon spins, a wide range of 

experimental opportunities exist as a consequence of this technique.  The observed effect 

was due to a cross-relaxation between different atomic species with the matched Larmor 

frequencies.  There was another contribution from a group at MIT led by John Waugh.  

Waugh along with his colleagues showed that a dilute spin with a long relaxation time 

can be enhanced by the abundant spin bath of protons through this match condition
15

.   

      Another technique that was used to narrow the broad lines obtained in solids was that 

referred to as Magic Angle Spinning (MAS).  To back up a few years temporarily to the 

years 1958-1959, two research groups namely Andrew
16,17 

and Lowe
18

 discovered the 

removal of homonuclear dipolar coupling as a function of spinning speed.  Although, at 

the time the speeds needed to remove those interactions was not available.  Fast forward 

to 1977 where Schaefer and Stejskal
19

 showed by spinning the sample fast at an angle 

inclined 54.7
o
 with respect to the Bo axis, there existed the possibility of collapsing a 

broad line into a narrow one, similar to the observed lines in liquids.  This can be 

illustrated in the following manner in figure 6. 
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Figure 6: A rotor inclined at an angle θm= 54.7
0
 to Bo. 

 

As the spinning speed in increased the contributions from these spatially dependent 

interactions are averaged out over time.  This results in the narrowing of the broad line 

into one which is similar to that in a liquid-state spectrum and is shown in Figure 7 

below.  When the sample is not spinning, the familiar powder pattern shown(top left) 

portion of figure 7.  Upon increasing the spinning speed (moving across the top row) to a 

desired fast speed (lower left), the anisotropic parts of the interactions contained in the 

spin Hamiltonian that are spatially dependent are removed which is shown in the figure 

below.   
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Figure 7: Narrowing of a lineshape as a function of spinning speed. 

 

Magic Angle Spinning can reduce spectral congestion caused by overlapping resonances.  

This is extremely beneficial and will be highlighted in chapter 4 with the construction of 

a new probe which is capable of spinning at these high speeds for the study of biological 

systems.   

      The result or benefit of this technique is to resolve congested spectra by removing 

some interactions in order to yield additional specific information about the sample under 

study.  The previously mentioned techniques have shown to enhance the utilization of 

NMR spectroscopy to solve a wider range of problems.  With the inception of Fourier 

Transform-Nuclear Magnetic Resonance (FT-NMR)
18,20

 the possibility of exciting a 

manifold of frequencies with a Radio-Frequency (RF) pulse of duration (on the order of 

1-10 µs) due to the distribution of local magnetic environments was realized.  The signal 
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that is detected after the application of an RF pulse is referred to as a Free Induction 

Decay.  A FID is a time domain signal representing a change in magnetization over time.  

Measuring these signals and transforming them using the Fourier Transform displayed 

the signals into the frequency domain which is typically what is displayed in the energy 

spectrum.    

     The possibility of further resolving peaks in the 1-D NMR spectrum arose from the 

idea of spreading the frequencies into a second dimension, which is commonly known 

now as 2D NMR, 3D NMR, or higher dimensional NMR.  Jean Jeener came up with the 

idea of a measuring two dimensional spectra
21

.  Richard Ernst wrote extensively in a 

book along with Bodenhausen and Wokaun
22

 titled, Principles of NMR in One and Two 

Dimensions.  The overall idea of carrying out various multidimensional experiments is to 

make use of multiple quantum coherences that are generated upon executing a given 

pulse sequence of defined pulses and delays.  There is a hidden power in the information 

contained in a multidimensional NMR experiment.  In later chapters multidimensional 

experiments will provide us access to the connectivities associated with protein structures 

of interest.  For a more in depth description or derivation of the spatial components which 

have been described, the reader is referred to the following books
23-25

. 

     Now, that the interactions contained in the spin Hamiltonian have been laid out, it is 

possible to divert the attention to the heart of this thesis, the NMR probe.  In the next 

chapter, the design and construction of the NMR probe will be highlighted. 
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2. ESSENTIALS OF NMR PROBE DESIGN 

 

      When approaching the spectrometer in order to perform any NMR experiment, 

inevitably one will directly or indirectly have some interaction with the NMR probe.  For 

the probe is the heart of the NMR experiment.  The NMR probe serves three fundamental 

purposes: First, the sample which is immersed in a static magnetic field is suspended in 

the probe physically.  The sample must be held in the middle of the magnet, usually 

referred to as the “Sweet Spot”.  This is the area of the magnet where the magnetic field 

is most homogeneous.  Second, a coil of wire of choice is wrapped around the physical 

sample in the probe body and is connected to the circuitry contained in the probe.  This is 

the avenue with which the operator of the spectrometer delivers the required power to the 

sample in the magnet.  Shown below in Figure 1 is a block diagram of the spectrometer, 

magnet and probe used to carry out the NMR experiment.  The third reason is similar to 

the second with the exception of now the coil serves to detect the excited spins in the 

NMR case and transmit this electrical information to the spectrometer console.  This is 

achieved through programming the orchestra of events of the components at the computer 

console.  The last step is the preamplifier before the probe.  After application of intense 

irradiation to the sample, a detector and receiver work together to listen for the response 

of the system at the respective Larmor frequency.  This signal is eventually Fourier 

Transformed and shown as an energy spectrum on the computer screen.   
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Figure 1: Schematic of the NMR instrument 

 

      Manufactures have developed a standard design which is implemented in a wide 

variety of probes.  Since the intention of this chapter is solely devoted to probe design 

and construction, specifically, the design which has been adopted in the Mueller group, 

the scope will be limited to one type. Although, there exists a wide variety of designs 

along with their respective applications, the reader will be directed to a couple of papers 

that span a wide range of NMR probes in a more detailed analysis
1,2,3

. This chapter will 

describe the design and construction of a 
1
H, 

13
C-Double resonance probe.  A step by step 

layout of the design and construction of a double resonance probe will be laid out.  This 

probe is intended for the application in chapter 5, the measurement of the NMR Stark 

effect.  With the knowledge of the operation of the NMR probe in mind, the exploration 
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of three applications of solid state NMR which are discussed in the remaining chapters 

will be possible.   

 

 
1
H,

13
C-Double Resonance Probe 

 

 

     The step by step process will be explained involving the construction of a double 

resonance NMR probe.  For this section, the basic LC theory will be discussed only so far 

as to concern ourselves with the addition of components to the construction of a lumped 

circuit probe
4,5

.  More details involving various problems will be discussed for different 

probe designs for the three applications in the remaining chapters.  

 

Theory 
 

     The theory involved in the construction of the probe is quite accessible with a brief 

review of the fundamental parameters involved in circuit analysis.  To start with, 

constructing a double resonance probe involves building essentially a radio capable of 

receiving two independent signals.  A radio generally has inductors, capacitors and other 

circuit elements.  The inductor serves to receive signals (antenna).  The capacitors help 

balance the circuit overall in cooperation with the inductors.  Balancing the circuit is 

important because if the circuit is not balanced, one channel will have an undesired affect 

on the other.  In a radio with two channels, the channels share the sample coil as the 

transmitting and receiving “antennae”.  To implement this concept in the construction of 

an NMR probe, the circuit diagram shown below would provide both the location and 

type of inductors or capacitors in order to reach the final product.  This is the circuit that 
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will aid us in the process of constructing a double resonance probe with the parts shown 

below in figure 2.  With an understanding of the location and function the parts in this 

circuit, some of the problems of the construction process can be greatly reduced.   

 

Fixed (trimmer) capacitorVariable (tune) capacitor

Transmission or λ/4 line

Sample 
Coil

Variable (match) capacitor

ground ground

Variable (match) capacitor

Variable (tune) capacitor

Proton Trap (inductor & capacitor) to ground

 

Figure 2: A balanced lump circuit that is tuned to two resonant frequencies 

There is an assortment of capacitors which make up the circuit, in order to excite and 

detect two different nuclei, in this case 
1
H-

13
C.  When the channel is tuned to the resonant 

frequency, a curve is shown similar to that in figure 3 below.  The proton channel is 

shown tuned and matched to 400 MHz.  The shape of the curve displays how well the 

NMR probe circuitry is matched to the 50 Ohm impedance of the spectrometer.   
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Center Frequency = 400 MHz

 

Figure 3: Proton channel of 
1
H,

13
C-Double Resonance Probe tuned and matched 

 

This depends on the design and construction of the probe in order to minimize unwanted 

capacitances and inductances.  In order to understand how to address these concerns, the 

definition of resonant frequency must be displayed in equation form.  The frequency in 

an LC circuit follows the following relation: 

 

  f =  1/(LC)
1/2

     (4) 

 

Where f is the frequency of resonance and any additional components, such as inductors 

(L) or capacitors (C) will have the following effect on the frequency.  By inspection of 

the equation, increasing either inductance or capacitance in any manner will drive the 
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resonant frequency down.  Conversely, decreasing either inductance or the capacitance 

will increase the overall frequency.  With these relations in mind, the construction of a 

double resonance probe will be described step by step.    

 

 

Construction 

          To start with, shown below in Figure 4 are the internal lumped elements 

(capacitors, inductors, silver plated copper tubing, metal and plastic mounts, transmission 

line) which will make up the required electrical components of the probe.  Typically, 

each nucleus has a transmission line which runs up the probe and connects with a tune 

and match variable capacitor before connecting to the sample coil.  In this probe design, 

there will be a “high side” and a “low side” to build in order to achieve the resonances 

desired.  These terms correspond to the type of nucleus and the frequency.  Proton nuclei 

resonate at a higher frequency than do carbon and this will affect the order in which the 

channels are built.  The proton channel was built first after which the carbon channel will 

be connected across the sample coil.  Together, these two channels made a double 

resonance novel probe that was used to measure the NMR Stark effect. 

 

.    
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Variable Capacitor

mounts for tune & match 
capacitors

Λ / 4 wavelegnth shunt

Silver plated 
copper tubing

Fixed capacitor

inductor

Figure 4: Circuit elements of the 
1
H,

13
C-Double Resonance Probe 

 

     As noted earlier, the electrical circuit will be built in two stages.  First, the proton 

circuit or commonly referred to as the “high side” will be installed.  While building the  

“high side,” the sample coil will be disconnected.  

 

Steps of Construction 

      

1) Mount both the Tuning and Matching capacitors into the probe body.  Solder both 

capacitors together according to the circuit diagram in figure 2.  
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2) Next, extend out the tuning and matching wands out of the probe body.  Cut 

plastic G-10 rods(1/8 inch diameter) to a measured distance depending on the  

location of the variable capacitor.  The critical distance should allow the tuning 

and matching of the probe while inserted in the magnet. 

 

3) Glue the plastic rods to the actual capacitor wands with a coupler.  The coupler 

is a plastic tubing(1/8 inch inner diameter, S&W plastics, Riv. CA) cut to 2 inches 

in length to join the two rods.  Use Locktite
®

 to secure a seal and allow 24 hours 

for the glue to cure. 

 

4) To build the remaining portion of the “high side” a 1/4λ transmission shunt needs  

be measured and cut to the desired length.  Shown below in figure 5 are three 

different lengths of shunts.  To determine the length of the shunt, take the 

wavelength at the applied field of proton and divide by four.  Follow this by 

multiplying this number by 0.75, since the signal does not travel at the speed of 

light in the shunt.  For this probe, the approximated starting point was 400 MHz ~ 

λ/4 = 14 cm.  A more detailed description of the function of the λ/4 shunt can be 

found in the paper by Waugh
6
. 
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Figure 5: Transmission lines for quarter wavelength shunt (λ/4) 

 

 

5) Connect the λ/4 shunt to the following capacitors:  tune (variable 1-5 pF), a 

match(variable 1-10 pF), and trimmer(fixed 1-5 pF) as shown in figure 2 with the 

λ/4 shunt and take a reflection measurement using a network analyze. 

   

6) Check to see where the resonant frequency (the centerpoint of both the tuning and 

matching capacitors ranges combined).  Bring resonant frequency in “reflection 

mode” up to 395MHz before connecting the sample coil and the “low side” to the 

circuit.  To do this may require the addition of capacitances in either a parallel 

fashion or in series which directly affects the channels resonant frequency.   
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      7)  Next, the Carbon channel must be built.  To start with, install two variable 

           Capacitors exact in the same way as steps(1-3).  Without connecting the channel to 

            the sample coil, check to see what the resonant frequency of this channel is 

            initially.  

 

8) The desired frequency of carbon in a 9.4T field is 100 MHz.  Again, in order to 

      raise or lower the resonant frequency, the addition of either parallel or series 

      capacitances may be required depending on the location of the centerpoint with 

      the two capacitors soldered together. 

 

9) Connect the “high side” to the sample coil which is connected to the “low side”  

channels of the circuit.  A corresponding increase on the proton channel should 

occur due to the addition of series capacitances.  Depending on the design and 

construction, a decrease can occur.  Adjust the capacitances on either channel in 

the appropriate fashion to adjust the resonant frequency. 

     

10) Last but certainly not least, there might be some of the proton’s signal that tries to 

      make its way down the carbon channel.  In this event, add a capacitor (20pF) to 

      ground directly above Carbons transmission line in order to capture the proton 

      signal as indicated in the circuit diagram in figure 2. 
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After adding all of the components to the former Bruker probe body, a 
1
H,

13
C Double 

resonance probe is shown in figure 6 below.      

 

 

 

High Voltage Line

H Transmission Line

Connecting lead

Tuning Capacitor

Matching Capacitor

 

Figure 6: Connection of capacitors to transmission line 

 

     Now that a double resonance probe is built, the electric field assembly will be 

inserted.  This will be touched upon in Chapter 5.  As for the construction of the double 

resonance and higher resonant channels, the appropriate considerations need to be 

seriously examined throughout the design and construction aspects.  First, with the 

addition of more circuits to a pre-existing circuit changes the prior efficiency. It is well 
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known that efficiencies in transfer experiments decrease with the addition of resonance 

channels to a circuit to affect more nuclei.  The tradeoffs seem to be worth it considering 

the next three chapters are going to highlight these aspects with three distinct 

applications.   
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3. QUANTUM INFORMATION PROCESSING (QIP) BY NMR 

 

        The realization of a computer that could carry out a computation that are impossible 

by “classical” standards still seems far off in the distance.  A computer capable of 

carrying out these exotic types of computation would have to obey the laws of Quantum 

Mechanics.  Professor Richard Feynman
1
 discussed some of the inevitable problems of 

shrinking a computer down to the molecular level.  He stated: 

 “When we get to the very, very small world---say circuits of seven atoms---we have a lot 

of new things that would happen that represent completely new opportunities for design. 

Atoms on a small scale behave like nothing on a large scale, for they satisfy the laws of 

quantum mechanics. So, as we go down and fiddle around with the atoms down there, we 

are working with different laws, and we can expect to do different things. We can 

manufacture in different ways. We can use, not just circuits, but some system involving 

the quantized energy levels, or the interactions of quantized spins, etc.” 

 

Proposing the idea of using quantized energy levels to perform computations was 

accomplished in practice by NMR using a liquid crystal sample years later after this 

speech by Professor Feynman.  Prof. Peter Shor
2
 during the 90’s came up with an 

quantum algorithm that would achieve the goal if implemented correctly factorization.  

This became realized when Isaac Chuang and co-workers were able to implement Shor’s 

algorithm using a liquid crystal sample with NMR to factor a number
3
.  To date, several 

types of initial state preparation, quantum gate manipulations, algorithms, and state 

interrogation procedures have been demonstrated in liquids, liquid crystals, and in solids 

using powders under magic angle spinning conditions.  In this chapter, the improvement 

of the implementation of quantum gates will be highlighted as a result of the construction 

of a novel Goniometer Triple Resonance (
1
H,

13
C,

15
N) NMR Probe that was constructed.   

The first section describes the experiments briefly that led up to the construction of the 
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Goniometer probe.  Design and construction challenges associated with this specific 

design will be highlighted in the second section of this chapter.  In the third and final 

section, a description of the study of concentration vs. dephaing times will be shown to 

follow the Van Vleck
4
 relation which dictates that the concentration of NMR active spins 

is directly proportional to the decoherence of the spins in the system.  The result will 

show that there is an overall increase in decoherence rates that will make the 

implementation of quantum gates ultimately retain computational information easier.  

This is especially important in systems which are highly susceptible to loss of 

information over time.    

 

Toffoli Gate implementation 

     Previous results were obtained with a bruker MAS probe that was modified into a 

goniometer setup.  This was accomplished by removing parts of the MAS housing in 

order to define a fixed axis of rotation for the single-crystal sample.  The implementation 

of the well known Toffoli gate
5
 was executed using the previous setup which will be 

discussed later in this section.  In order to understand the implementation of the Toffoli 

gate, a better understanding of the execution of a quantum algorithm using solid-state 

NMR will briefly be introduced.  For a more in depth introduction to quantum 

information processing the reader is referred to by Nielsen and Chuang
5
. 

     Recall that a spin-1/2 nucleus immersed in a strong magnetic field has energy levels 

that are split due to the Zeeman splitting of the degenerate energy levels.  A picture is 

shown for the application illustrated in chapter 1 in Figure 1. The lower state can be 
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represented by the symbol, α, and assigned a value of (+1/2), while the higher energy 

state can be represented by the symbol, β, with a value of (-1/2).  The transition between 

two energy levels accounts for the observation of the NMR signal.  The correspondence 

between QIP and NMR is as simple as relabeling the nuclear spin states with “0” and “1”. 

     In order to carry out the implementation of a computational step, there needs to exist 

the conceptual background of what it means to utilize the unique nature of quantum 

information processing.  Since the correlation between classical bits and their quantum 

counterpart has already been established, the remaining questions are of the following 

nature.  What is quantum information processing?  How is this implemented using NMR?  

The answer to the first question is accomplished by defining the term.  Quantum 

information processing (QIP) is the manipulation of quantum states of physical systems 

with the goal of processing information.  The way in which this information is stored and 

manipulated is in the form of quantum bits or in short, qubits.  In classical computating, 

problems are usually solved by processing a bit as either “0” or “1”, whereas, with QIP, 

problems are solved by processing superpositions of the “0” and “1” states.  This can 

have a huge impact if the goal is to solve a computationally intractable problem such as 

factorization.  A typical input state for a quantum processor can be expressed in equation 

below. 

 

                                            [ ]βββααβααψ +++=
2

1
          (1) 
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In order to utilize the true nature behind the idea of QIP there needs to be an emphasis on 

quantum parallelism, which if the experiment is cleverly designed then a whole host of 

input states may be acted on simultaneously.  For the case of two qubits which are spin-

1/2 particles equation (1) is the input state.  If the classical inputs were represented, the 

action of processing 4 input states would require the use of 4 parallel processing steps as 

indicated in Figure 1. 

 

 

Figure 1: Classical parallel processing step. 

 

Whereas, if the same action was carried out using a quantum processor the input state has 

been shown in equation 3.1 and the processing is accomplished in one step as shown in 

figure 2. 
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Figure 2: Quantum parallel processing step. 

 

From a classical computational standpoint, there is an obvious gain in utilizing the power 

associated with quantum computation.  The next question concerning the implementation 

using NMR can be addressed.  Since the input state is a quantum state and the 

implementation discussed in this chapter utilizes NMR, the state is conveniently 

represented by the density matrix.  At a later point in time after a series of radiofrequency 

pulses have been applied to the spin system, the trace of the density matrix can be taken 

to reveal the state at the present time.  The movement from state to state via a series of 

pulses contained in the pulse sequence is the actual computational step.  Pulse sequences 

represent the algorithm and the pulse sequence can be tailored to give a specific logical 

transformation.   

      To realize more complicated gates which involve more qubits, the pulse sequences 

become increasingly more complex in order to maintain stability of the information 

during and after the execution of the computational step.  This was the case for the 

previously implementation of the Toffoli gate
6
 or commonly referred to as the 
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“controlled-controlled NOT gate”.  The pulse sequence for this gate is displayed in 

Figure 3. 

                 

 

Figure 3:  Pulse sequence for the Toffoli gate. 

 

This pulse sequence is properly represented by a truth table for the Toffoli Gate.  The 

corresponding truth table for this gate is shown in Figure 4. 

110111

111110

101101

100100

011011

010010

001001

000000

OutputInput

Logic Condition

 

Figure 4: Truth table for the Toffoli gate. 
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This gate operation is conditioned as shown in Figure 4 above which means like the 

classical logic gate there are specific requirements in the execution of the gate.  Three 

qubits are required, two of which will be the control bits.  For this gate, the requirement is 

that both of the control qubits are in the “true” state, in this case “1” state, the state of the 

target qubit to be flipped which is indicated in the truth table by the two red arrows.  To 

visualize the execution of this gate via NMR, an initial spectrum must be acquired 

followed by the implementation of the Toffoli gate pulse sequence with the final state of 

the system with a resulting spectrum.  The corresponding spectra along with their 

respective tomography plots representing the completion of the gate operation is shown 

in Figure 5. 

 

 

Figure 5: Corresponding initial and final state spectra and tomography plots. 
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The nitrogen spectrum of a uniformly 
13

C, 
15

N-glycine sample was used as the carbonyl 

along with the alpha-carbon with their coupling to the nitrogen make a good three qubit 

system upon which to implement this gate.  Upon the execution of the gate, one multiplet 

component is inverted which was required as a spectral signature if the successful 

completion of the gate operation has occurred.  Tomography plots display the execution 

of the gate operations by plotting the density of states as shown also in Figure 5 above 

using the column-like representation.  There are other subtleties that arise in the 

tomography plots.   

      Upon inspection of the final state represented by the same four columns with the 

exception that one of the columns has changed locations which emulates the execution of 

the Toffoli gate operation, a noticeable change has occurred in the intensity of the heights 

of the column in other areas in the matrix representation.  This leads us to an important 

observation that will consume the remaining portion of this chapter seeing how the result 

improves the possibility of more robust gate implementations.  The columns are not of 

the same intensity is which indicates the loss of magnetization in the sample due to 

inhomogeneous relaxation of the spins during the computational step. This is largely 

attributed to the T2 dephasing times due to the nature of the sample under investigation. 

    Although, in principle, the Toffoli gate was achievable along with the detrimental 

suffering of loss of information due to the short relaxing carbons in the sample.  This 

hindered the operation of this gate and needed to be immediately addressed.  At the time
6
, 

the T2 times on the carbonyl and alpha carbon were on the order of 3.1 ms which was 



 39 

unacceptable if the successful implementation of the Toffoli gate was desired along with 

the implementation of more complicated gates.  There are two questions that result from 

the successful implementation of the Toffoli gate with this single-crystal of glycine.  

What are the various ways that spins relax that can ultimately be extended in time as 

compared to the current methodology? Although there are numerous ways, I will 

highlight two in this chapter.  First, there is an orientational dependence in the dipolar 

coupling and the chemical shift term that can be utilized by using a novel Goniometer 

probe introduced in the next section.  Second, changing the samples point group 

symmetry will increase dephasing times which will be discussed in the final section of 

this chapter.   

 

Triple Resonance Probe with a Goniometer setup 

 

     The advantage of using a single-crystal sample is the strong dipolar coupling between 

spins in the non-isotropic network.  Gate times are inversely proportional to the strength 

of the coupling between spins.  Dipolar couplings are strong which is beneficial in the 

implementation of an algorithm.  There are multiple ways of achieving control over a 

quantum system during the execution of a quantum algorithm.  One major way is to 

either turn on or off certain interactions between the spins in a system at various times 

with radiofrequency pulses while trying to achieve a good execution depending on the 

nature of the algorithm of interest.  For a single-crystal sample, there is an orientational 

dependence of the anisotropies associated with the interactions present.  There is some 
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part of the anisotropy removed simply by the crystalline nature of the sample and 

defining an axis of rotation, which is orthogonal to the Bo axis.  This is displayed in 

Figure 6 below.  

 

 

Figure 6:  Chemical Shift term and Dipolar term change as a function of rotation 

 

Since there is a change in the separation of both terms in the Hamiltonian as a result of 

rotation, a goniometer apparatus was incorporated into the NMR probe and is shown in 

Figure 7.   
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Axis of rotation in the y-z plane
Pulley for Goniometer

Sample coil connected to a triple resonance circuit

 

Figure 7: Goniometer setup on a probe head 

 

The single-crystal sits inside the coil along the x-axis with the rotation of the sample in 

the yz-plane.  A pulley system is shown in Figure 7 which is used for the actual turning 

of the sample while the probe is inside the magnet.  This allows the user to turn the 

crystal repeatedly to find a spectrum that has well-resolved peaks without having to 

remove the probe from the magnet and in turn increases the accuracy of obtaining the 

same orientation of the crystal with little difficulty.  The platform is made of Teflon and 

machined using an end-mill.   A CAD program was used to design the location of the coil 

which was then programmed into the end-mill.  The coil is made of silver plated flattened 

copper wire.  To hold all of the platforms which hold the sample along with the 

electronics, three long set screws run up through the probe.  All three platforms are 
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shown in Figure 8 below.  There is one dedicated to the sample coil and two that are 

support for the electronics of the probe.   

 

 

 

Figure 8: Electronic components of the Goniometer probe 

 

All the platforms are measured to a precise distance in order address multiple issues.  The 

first is to ensure that the sample will be in the correct spot when the probe is up inside the 

magnet.  By correct spot, the place in the magnet in which the magnetic field is the most 

homogeneous.   
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     At the same time, the minimization of the space between the electrical components of 

the circuit is crucial since this minimize both stray capacitances and stray inductances.  

Although, a good feature of using the set screws is the ability to change the locations of 

the platforms along with the easy removal and maintenance if desired.  This novel design 

was completed at two locations.  The first was the general assembly of the electronic 

circuits which was accomplished at the Center for NMR Spectroscopy and Imaging of 

Proteins facility at UCSD.  The sample platform design and construction was 

accomplished at the UCR machine shop.    

      The electronic component circuit diagram was shown in chapter 2, Figure 4 for a 

double resonance probe.  In this probe, the electrical components are pre-determined 

before the construction process which is completely different from using a pre-existing 

Bruker.  After the design of the component location is accomplished, the blueprints are 

sent to the machine shop for the construction of the two silver platforms, set screws, and 

the main supporting body.  The components are installed in the manner described in 

chapter 2 of the 
1
H,

13
C double resonance circuit with a couple of additional requirements.  

The addition of a resonant channel to Figure 4 in chapter 2 requires inductors and 

capacitors in the form of a Notch filter or commonly referred to as a Trap as shown in 

Figure 9 below which is the electrical circuit diagram for the triple resonance capability 

that was installed into this probe.   
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Sample Coil

Traps

15N

13C

1H

 

Figure 9: Balanced lump circuit design for a triple resonance NMR probe 

 

These are composed of an inductor in parallel with a capacitor.  The purpose of a Notch 

filter is to filter out the tuned frequency.  To tune a Trap, a network analyzer can be used 

in transmittance mode.  A tuned trap appears to the unwanted signal as a ground and will 

dump the signal.  The appearance of this curve is shown in Figure 7 in chapter 2 similar 

to a tune channel resonance curve on the network analyzer.       

     In the case of isolating the two low frequency channels (
13

C, 
15

N) from eachother in 

this probe circuit, the use of the Notch filters or traps serves this purpose.  There are two 

traps, one on each channel.  For the Carbon channel there is a trap that is tuned to the 
15

N 

frequency of 41 MHz (in a 9.4T field) which consists of a capacitor (68pF) in parallel 

with an inductor (8 turns, 8 mm in diameter).  There is a trap that is located on the 
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nitrogen channel that is tuned to the 
13

C frequency of 100 MHz(in a 9.4T field) that has a 

capacitor (18pF) and an inductor(5 turns, 8 mm diameter).  Together each of the traps 

which are shown in Figure 6 above and are 90  ͦ relative in orientation to one another to 

prevent other sources such as coupling between the inductors.  The isolation is good 

considering the addition of multiple channels to the same sample coil decreases the 

efficiency of each channel overall in the NMR experiment.  This is due to the loss of 

signal down unwanted electrical channels.  Working to improve the isolation will 

correspondingly minimize such losses.     

     The capacitors are Polyflon(1-10pF) that are variable and non-magnetic to avoid any 

disruption of the location of the electrical components to the magnetic field homogeneity 

encompassing the sample.  Connecting various capacitors, whether fixed(ATC Inc.) or 

variable was accomplished with oxygen free copper tubing(McMaster-Carr).   Upon 

placing the variable and fixed capacitors into place, a novel goniometer 
1
H,

13
C,

15
N Triple 

Resonance probe was constructed which provides access to a new set of experiments. 

 

Probe Performance 

  

     This new probe has allowed the ability to tackle old problems in a relatively easy 

manner.  Previous results were obtained on a 1
st
 Generation goniometer setup.  In order to 

remove and replace the crystal required multiple attempts to adjust the orientation of the 

crystal while the probe was in the magnet to generate the same spectrum with the position 

of the multiplets overlapping.  With this new goniometer setup with a more controlled 
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pulley system, fewer attempts were required.  This allowed the opportunity to test 

multiple samples in order to see if it was possible to increase dephasing times as the 

point-group symmetry is changed in the single-crystal sample.      

      A change in the crystallization was accomplished with the co-crystallization of 

uniformly labeled glycine with 1,5-NapthaleneDisulfonateDihydrate (NDA) to see the 

resulting change in dephasing times.  Previously, uniformly labeled 
13

C-glycine (10%) 

was diluted with natural abundance glycine.  The difficulty in using this sample was that 

there are four molecules per unit cell, two of which are related by a center of inversion 

and have the same spin Hamiltonian.  The co-crystallization of glycine with this 

compound results in a configuration in the unit cell that results in a single spin 

Hamiltonian present.  This of course has the effect of only one set of peaks in the 

corresponding spectrum, which is shown in figure 10 along with the former spectrum for 

comparison.  Upon comparison of the spectra in figure 10, the change of multiplets is 

noticeable in the spectrum with the new point-group symmetry.  These new multiplets are 

from the naturally abundant carbons on the NDA.   
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A)

B)

 

Figure 10: Old and New data with a change in unit cell. 

 

     The next step was to test the new sample for the T2 times compared to the previous 

values for the carbon’s of 3.1 ms.  To conquer two questions at once, the next question 

was addressed simultaneously of whether the decoherence time was related to the 

concentration of spin active nuclei contained in the sample.  Since the unit cell has 

resulted in a less congested spectrum, the initial guess would dictate that there should be 

an increase in decoherence times right off the back.  To test both questions, a series of 

concentrations (3%, 10%, 30%) spin active nuclei were measured for their corresponding 

T2’s times using the echo pulse sequence shown in figure 11 and the data was fitted using 

a mathematica program.  The echo experiment is a well suited test for the decoherence 
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rates since during the experiment inhomogeneous interactions are refocused
7
.  This 

makes the study of relaxation concentration dependent seeing how the unrefocused 

interactions are directly of the dipolar nature.  Interactions that cannot be distinguished by 

radiofrequency pulses, such as intermolecular dipolar couplings are not refocused during 

the course of the experiment.  This makes the linewidth dependent upon relaxation.  If a 

plot is composed of dephasing times vs. concentration there is a linear relationship 

between the two parameters as shown in figure 12. 

 

Acquisition Timet t

90X 180X

 

Figure 11: Pulse sequence for the echo experiment. 
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Figure 12: Plot of dephasing times vs. concentration. 

 

The correlation of the decoherence rates which are proportional to the concentration 

follows the Van Vleck relation
4
.  Calculating these values would involve calculating the 

concentration of dipolar couplings as a function of concentration.  This involves taking 

account the relevant couplings that directly affect the linewidth.  If a different spin 

system was tested, there would be expected to be a linear relationship between the two, 

although, the slope only of the line would vary.  Since the dipolar coupling scales with 

distance, the results can be described strictly from a distance argument.  Shown below in 

figure 13 is a cartoon illustration of the varying concentrations that were tested for their 

dephasing times.   
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3% 10% 30%

 

Figure 13. Cartoon illustration of relaxation being dependent upon concentration. 

 

With this cartoon illustration the corresponding increase in decoherence times as a 

function of diluting active spins is solidified.  The overall effect is to decrease the 

intermolecular couplings with the dilution to gain decoherence times to carry out more 

complicated gates.  Compared to the old value of 3.1ms, the change in point group led to 

a 10 fold increase in dephasing times to 31 ms.  This presents the possibility to try to 

implement more challenging gates in addition to testing the fidelity of the Toffoli gate 

with the new co-crystallization.  For further studies, the removal of the NDA resonances 

which are beside the carbonyl resonances would produce a further increase in dephasing 

times.  A selective excitation of one of the multiplet component shows an even longer 

decoherence time which indicates that decoherence rates are directly related to the local 
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density of unrefocused dipolar couplings.  Ultimately, the benefit resides around the 

ability to have better control over the loss of information which is important in both the 

computing community and the normal NMR experiments. 

     In this chapter, a certain type of solid state NMR experiment which is the 

implementation of quantum information processing was explored.  As was shown, the 

implementation of complicated gates challenges the resources of the experimenter to 

explore various parameters in a more definitive light.  The result of the investigation of 

dephasing times led to the inevitable confirmation of the Van Vleck relation, which was a 

result of an unsatisfactory implementation of the Toffoli gate with the previously used 

pure glycine single-crystal.  The co-crystallization of glycine with NDA led to both an 

increase in dephasing times and also to the renewed interest in the measurement of the 

NMR Stark Effect which will be discussed in chapter 5.  Any further understanding of the 

interactions contained in the spin Hamiltonian can only help us in the implementation of 

rather complicated pulse sequences even in the study of proteins.  In the next chapter, the 

use of the scalar coupling interaction in the Hamiltonian will be explored as a result of 

moving magnetization throughout the protein by transferring magnetization among nuclei 

through the scalar couplings with the hope of the establishment of a proteins back-bone 

and side-chain resonance assignment.   
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4. THROUGH-BOND CORRELATIONS IN BIOLOGICAL SOLIDS  
 

      In order to get a handle on the real-time happenings of the inner workings of a cell, a 

synergistic effort from a variety of disciplines must be put forth.  This is a challenge in of 

itself in many cases.  Studying biological systems by solid state NMR is not immune to 

this fact.  Initially, solid-state NMR was restricted to smaller molecules rather than 

proteins due to the broad lines that were observed as a result of the anisotropic parts of 

the interactions contained in the spin Hamiltonian along with the inherent overlapping of 

multiplets in such large biological systems.  In this chapter I will discuss the design and 

construction of a solid-state MAS probe that is extremely useful for the execution of 

complicated pulse sequences that are used to elucidate the through-bond connectivity in a 

biological system, in this case the protein GB1.  These experiments performed with this 

new probe have provided a foundation on which the use of scalar driven experiments can 

be applied to larger proteins and at the same time complement the dipolar-driven methods 

for the analysis of protein conformation and dynamics using solid-state NMR.  

      First, a brief background of the work that eventually led to the design and 

construction of the 2.5 mm Triple Resonance Probe will be described.  After which, the 

design and construction along with the challenges will be discussed.  The remainder of 

the chapter will focus on the spectra that were obtained with this new probe.   

 

Background 

     The development of through-bond correlation spectroscopy which utilizes scalar 

couplings stems out of the abundance of information from the dipolar-driven methods.  
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Dipolar methods are information rich as a result of the couplings which are through-space 

and contain global information when applied to any sample.  To complement the 

information that is derived from the dipolar driven experiments, the use of scalar-

couplings have been introduced to complement and aid in the overall conformation 

dynamics of proteins in both solution and solid samples.  Scalar couplings are insensitive 

to global interactions as a result of information that is reduced to 2-3 bond couplings 

displayed in the spectrum.  Although the couplings are significantly smaller than the 

dipolar couplings, the scalar couplings in some cases can provide information which is 

distorted by using dipolar methods.  Depending on the nature of the experiment, the use 

of scalar-couplings can be just as challenging as the dipolar experiments.   

     For example, take the β1 immunoglobulin binding domain of the protein G (GB1) that 

is shown in figure 1 below and perform a Double Quantum Filtered Correlation 

Spectroscopy (2QF COSY) experiment on a powder sample using MAS techniques.  The 

result is shown in the spectrum shown in figure 2.  Cross-Peaks that would result from 

the correlation between coupled networks of spins in the protein are absent.  The 

lineshape cross-peaks are anti-phase and the multiplets, which are scalar couplings are 

opposite in sign.  This leads to a substantial cancellation and broadening in the cross-

peaks.  In the aliphatic region displayed in the carbon-carbon correlation spectrum shown 

in figure 2, there are essentially no cross-peaks present.   
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                        Figure 1: β1 immunoglobulin binding domain of the protein G 

 

 

Figure 2: 2QF COSY spectrum of GB1. 

 

Usually, this occurs in the case of broad lines which arise in a spectrum as a result of 

either an intrinsic line width or multiple passive couplings that are present in a uniformly 

labeled protein.  What is really desired would be a line shape that takes the constructive 

addition of these two multiplet components.  Accomplishing the constructive addition of 
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the multiplet components is completely possible by borrowing a well known idea from 

liquid state NMR, which is to modify the pulse sequence to achieve the desired outcome. 

     By adding a τ-π-τ refocusing period on either side of the double quantum filter, the 

transformation of antiphase into in-phase magnetization before detection is 

accomplished
1
.  The pulse sequence is shown below in figure 3a along with an 

illustration of the transformation of the antiphase line shape to the in-phase multiplets in 

the cross peaks in figure 3b. 

t1 t2τ τ τ τ

0

-2

+2

2QF

BA

refocusing periods 

 

Figure 3: Uniform-sign Cross-peak 2QF COSY. 

 

This modification is similar to the refocused INADEQUATE experiment
2
.  The line 

shape transformation in which the multiplet components in the cross peaks are converted 
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into the same algebraic sign warrants the name Uniform-sign Cross-peak (UC) 2QF 

COSY
1
.   

     During the sequences there are long delays on the order of 20 milliseconds which 

would tend to translate into decoupling and transfers of magnetization through coupled 

spin systems more difficult to achieve efficiently.  In the case of the UC 2QF COSY 

experiment, this is not the case.  The reason is that all of the intensity of the signal, which 

is a function of time and representative of the sample is decaying under the homogeneous 

line width.  This results in linewidths which can be up to orders of magnitude more 

narrow then the direct observed linewidth.  

     This experiment provided the transition into other enhancements in pulse sequence 

designs that would lead to the delineation of the back-bone structure of GB1.  Other 

enhancements were: 1) Moving the diagonal intensity into the cross-peaks for a factor of 

2 increase in sensitivity and 2) decoupling in the indirect dimension for a second 

doubling in sensitivity.  This is shown in a cartoon in figure 4. 

 

 

Figure 4: Removal of diagonal peaks with decoupling in the indirect dimension. 
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     To address the first inquiry, phase cycling can be tuned to pass both zero and double 

quantum coherence which will accomplish the moving of diagonal intensity into the cross 

peak region for the initial enhancement.  Secondly, methodology from the liquid state 

experiments used by Bertini provide useful to provide the next factor of 2 gain in 

sensitivity
3
.  Combining the evolution and transfer periods into an efficient constant time 

experiment with scalar-decoupling in the t1 period will accomplish the collapsing of the 

multiplets in the cross peak region.    

     The pulse sequence which is implemented to achieve the overall factor of 4 increase in 

both sensitivity and resolution is shown in figure 5 along with a cartoon illustration of the 

spectral signature.   

 

Figure 5: Constant-time implementation with corresponding spectrum. 

 

 

Upon inspection of the pulse sequence the constant time period has an arrow drawn in 

between pulses.  The purpose is to show the chemical shift labeling by moving the 



 59 

position of the π-pulse in an incremental fashion.  Basically, the idea is to create 

antiphase during the first constant-time period, chemical shift label by moving the pi 

pulse, transfer the antiphase and rephase it for detection
4
.   

     A comparison is shown in fig. 6 of the CTUC COSY experiment and the 2QF COSY 

experiment using GB1 spinning at a speed of 25 kHz using SPINAL64 decoupling 

sequence at 150 kHz in the case of protons.  Where there were no cross-peaks as a result 

of the anti-phase lineshape there are now cross-peaks with in-phase lineshapes.    

 

 

 

Cross-Peak regions

 
Figure 6:  Comparison of CTUC COSY and 2QF COSY spectra for GB1. 
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These experiments were performed using a 4-mm commercially built Bruker Triple 

Resonance Probe with hard decoupling periods.  Although, the possibility of decoupling 

harder and spinning at speeds>30kHz was desired in order to move to more complicated 

proteins.  If one wishes to order a probe commercially, the desired manufacturing lies in 

the hands of the manufacturer.  Often this results in lengthy delays for the ordering and 

future maintenance needs.  To circumvent these potential problems, I built a 2.5-mm 

Triple Resonance Probe with MAS capabilities, which is highlighted in the next section 

and followed with the spectra that were obtained as a result of the design and 

construction of the probe.    

 

 Design and Construction of 2.5 mm MAS HCN Probe 

 

     The design of a triple resonance falls into two main components, a mechanical 

component and an electronic component.  To ensure spinning of the sample up to speeds 

greater than 30 kHz, a great deal of precision is necessary. As far as the electronics are 

concerned, the same triple resonance circuit that was used for the triple resonance 

goniometer probe in chapter 3 figure 9.  Both the mechanical as well as the electrical 

challenges will be discussed in this section.   

     When building a probe using an old probe body, there tends to be some difficulty in 

the placement of both the electrical and mechanical components.  The reason for this is 

that typically in the design process a strategy to have components in preplanned locations 

is the overall goal.  There are certain tradeoffs that are out of the designer’s control.   
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For instance, instead of designing a whole new spinning MAS system, an old Bruker 

probe body into which a previously designed housing was used.  In figure 7 a picture of 

the MAS housing that was installed into an old Bruker probe body is shown.  The 

housing was purchased from Bruker to avoid the task of designing a home built housing.   

 

Figure 7:  MAS Bruker housing for 2.5mm probe 

 

Initially, installing the MAS housing is relatively easy there are two screws that are 

turned while the housing is in place and connected to the MAS adjuster.  These are 

labeled and shown in figure 8.   In order to detect the fast spinning sample an optical fiber 

is run up through the available spaces in the probe body which resides near the backside 

of the MAS housing.  The end of the sample rotor (cylinder) is marked with a marker and 

protrudes out of the back end of the housing for spin detection. After the installation of 

the housing, the alignment of the optical fiber tends to be the major frustration of the 
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MAS part of the probe.  Most of the problems associated with these housings come in the 

latter part of the use due to the design of the housing by Bruker.  Occasionally, a cap 

might fall off of the rotor that causes a spilling of the sample in the housing.  The 

disassembly of the housing can be daunting task in its own right.   

 

 

 

Figure 8: Probe head for MAS related problems. 

 

Most of the challenges are associated with the proper tightening of all of the screws and 

careful labeling of the order of removing components.  Nevertheless, these housings can 

be disassembled and reassembled with a little frustration in the process.  Although, the 

advantage of becoming proficient in the removal of a dependence on the Bruker 

corporation for the cleaning of the housing during a failure.  Other than these few 

problems, the MAS component is sufficient for experimentation.  
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     The other mechanical considerations reside around the rigid grounding and support of 

the electrical components which comprise the circuit.  Earlier, the fact was introduced 

that adjustments had to be made when building on a previously designed body or a body 

that was intended to have a completely different circuit layout than the current one.  For 

this probe in particular, there was a significant disadvantage from building off of a 

predetermined component location.  There was a tremendous battle with stray 

capacitances and inductances that were encountered with the installation of the electrical 

components into the body.  If a stable signal is to be desired then ensuring the most 

secure grounding is imperative as well as minimizing any lengths of connecting leads 

which look like resonators in the circuit.  This tends to translate into a challenge during 

the design process in the modifications of a Bruker probe body.  A significant amount of 

machining is devoted to connecting and grounding components in the probe body.  

Shown in figure 9 is a picture of various threaded adapters that are required to screw in 

the variable capacitors into the body.    

  

                                     

                                 Figure 9:  Machined Adapters for probe. 
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 Of course, when probe was finished the final picture of the electronics looks like that 

shown in figure 10 below. 

 

                         

                         Figure 10:  Final circuit imposed upon the prior Bruker body. 

 

The ability to have three isolated resonances resides in the coils which are shown in the 

figure 10.  These are the same values for both the nitrogen and carbon channels 

previously discussed in chapter 3 for the goniometer probe.  When the final product was 

finished the result was a triply tuned probe with MAS capability that is available for the 

measurement of the transfer of magnetization via scalar couplings which ultimately gave 

rise to the complete assignment the back-bone and side-chain of the protein GB1 in this 

initial case.    
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Results 

     The construction of this 2.5-mm Triple Resonance Probe with MAS capabilities has 

expanded this set of homonuclear correlation experiments to both the heteronuclear 

correlation case along with the option of using higher dimensional correlation methods.  

If the desire to move to larger spin systems as is the case for this group, a good working 

class of heteronuclear correlation methods in conjunction with heteronuclear correlation 

methods must exist.  The initial work that led up to the design and construction of the 2.5 

mm Triple Resonance MAS probe discussed in the last section focused on the 

homonuclear correlation methods.  This section will focus on the results that were 

acquired with this probe design for the case of the heteronuclear correlation methods and 

show how both of these methods can be extended to higher dimensional correlation, 

which will lead to the full delineation of the back bone and side chain resonance 

assignments in the protein GB1. 

     In the case of heteronuclear correlation, methods have been developed with the use of 

this probe
5
. A pulse sequence is shown in figure 11 for the correlation between the 

nitrogen and carbonyl along with the sequence for the NCA correlation in figure 12. 
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Figure 11: Pulse sequence for the NCO correlation experiment 

 

 

 

 

Figure 12: Pulse sequence for the NCA correlation experiment 
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The overall strategy in assigning resonances in multidimensional experiments hinges on 

the efficient transfer of magnetization throughout the molecule in order to generate higher 

dimensional spectra with excellent resolution and sensitivity.  When transferring 

magnetization in the heteronuclear correlation experiment, the situation is similar with 

the exception that using nitrogen and carbon complicates the matter with the small scalar 

coupling on the order of 10 Hz.  This means that the τ times are long in order to generate 

magnetization to transfer to the correlated spin or more simply, the neighboring spin.  

These transfer periods make up the spectral signatures that are generated for the final 

multidimensional spectrum.  Therefore, knowledge concerning the values of the 

couplings between various spins is crucial in the execution of these correlation 

experiments.  A diagram portraying the transfer of magnetization throughout a piece of a 

chain is shown in figure 13 below along with the corresponding spectra for an assignment 

of resonances using NCA, NCO, and CACO in figure 14 for GB1
5
.  

 

.  

 

Figure 13:  Diagrammatic representation of the transfer of magnetization  

through a chain. 
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Figure 14:  NC correlation spectra for GB1. 
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These experiments which are plagued by small scalar couplings the τ time is longer,  

τ = 11.5 ms, which means that the total experiment is on the order of 40 ms.  The 

conditions are under constant decoupling at 150 kHz on proton.  Despite these conditions, 

the transfer efficiencies are still great with the NCO on the order of 70% and the CACO 

at 65% along with the NCA suffering at 25% due to the short T2’s and the 1- and 2-bond 

couplings present.  The corresponding T2 times for the nuclei are: Carbonyl (95 ms), 

Nitrogen (105 ms), and alpha Carbon (35 ms).  With these correlations, it is possible to 

start to trace out the backbone assignments in proteins, which is this case is GB1.   

      The resolution and sensitivity is good which motivated the movement to higher 

dimensional experiments.  One hopes that the gain in resolving cluster of multiplets is 

possible with the corresponding decrease in transfer efficiency.  If the 2D pulse 

sequences are extended to the 3D correlation experiment, the sequences now take on the 

appearance like that displayed in figure 15 for the NCACO case.  The addition of another 

dimension is represented by the doubly constant time labeling in the pulse sequence as 

shown.  Instead of creating antiphase magnetization just once to transfer, the refocused 

in-phase is then transformed into antiphase again with the exception for transferring the 

magnetization to the third spin which is then refocused into in-phase and passed through 

a z-filter before final detection.  And of course there has been two time periods that have 

enabled a chemical shift label by the movement of the π-pulse during the two constant 

time periods.  In order to carry out these long pulse sequences which are on the order of 

60 ms there is a need for a well designed probe that can handle the load that is required of 

the circuit.  To achieve good isolation between channels, filters are incorporated into the 
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circuit.  How well two channels are isolated from one another determines to a large extent 

the ability to transfer magnetization between different nuclei in correlation experiments.  

The ability to cross polarize or transfer the magnetization from a more magnetically 

abundant nuclei to a less abundant nuclei, for instance from proton to carbon depends on 

isolation of electrical channels.  In the process of trying to implement long pulse 

sequences, the last potential problem that should be avoided in the experiment is that of 

the probe.   The MAS Triple Resonance probe has achieved expectations that were 

initially desired.     

 

       

 

 

Figure 15: Pulse sequence for both NCACO and NCOCA correlation experiments. 
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The corresponding 3D spectrum of GB1 with transfer efficiencies on the order of  

15% - 30% are shown in figure 16.     

 

 

Figure 16: 3D NCOCA correlation spectrum using constant-time methodology. 

 

Notice that in the case of the 3D correlation maps the experiment is now displayed on 

three orthogonal axes, which correspond to the nuclei of interest in the correlation.  In the 

case of figure 16, the three axes correspond to the CA, CO and N nuclei.  It is possible to 

extract 2D slices out of a 3D spectrum that allows the setup for a sequential walk through 

the back-bone of a protein by the resonance assignments.  An example of this is shown 

below in figure 17.  This allowed the complete assignment of a protein backbone such as 

GB1.  
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Figure 17.  Series of 2D plots extracted from 3D spectrum aligned for a sequential walk. 

 

Using this method of extracting an NC correlation out of a 3D spectrum seems to work 

quite clearly in assisting the sequential walk through a protein.  This framework can be 

extended to a correlation into the side-chain of a protein.  The strategy would be to 

acquire a 3D correlation between CACBCG and CBCACO.  These sequences were 

developed from the previous experiments and work in a similar manner and are shown in 

figures 18 and 19 respectively.   

 

 

Figure 18:  Pulse sequences for the aliphatic CACBCG side-chain correlation. 
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Figure 19:  Pulse sequence for the aliphatic CBCACO side-chain correlation. 

 

The 3D correlation between the carbons into the side-chain is shown in figure 20.  Again, 

from the 3D plot the ability exists to walk sequentially into the side-chain, which would 

result in the establishment of the proteins back-bone and side-chain resonance 

assignment
6
.   

 

Figure 20: 3D CACBCG correlation spectrum. 
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The extraction of the 2D strip plots for the complete walk through the side chain can be 

accomplished by using 5 3D experiments (NCACO, CANCO, CACBCG, CBCGCO, 

NCOCA).  This is shown in figure 21 for GB1. 
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Figure 21:  5 2D strips from 3D spectra have been aligned  

for a walk into the side-chain. 
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     This framework of experiments that incorporate both the homonuclear correlation and 

the heteronuclear correlation form a complete basis for the assignment of back-bone and 

side-chain resonances in the β1 immunoblobulin binding domain of protein G.  The 

development of using scalar-driven methods to assign resonances was enhanced by a 

novel new 2.5-mm Triple Resonance MAS probe which has been highlighted in this 

chapter.  In order to move onto larger spin systems, progress on two fronts, the 

instrumentation development(probe construction) and pulse sequence development must 

move forward in a synergistic manner.  In the next chapter, the ability to measure the 

NMR Stark Effect will be discussed.  The ability to perform this experiment hinges on 

the design of a unique double resonance probe with some interesting hardware.   
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5. INVESTIGATIONS INTO THE NMR STARK EFFECT 

 

     The century before was somewhat of an intellectual revolution in the sense of the 

discoveries which were advancing the forefront of research at the time.  Quantum theory 

evolved from the observations that were made by such magnates as Michael Faraday.  In 

his “Experimental Researches in Electricity” which was published in the journal of the 

day, “Philosophical Transactions,” he explains the observation of the effect on electricity 

with a variety of examples, one of which is the effect of a magnetic field on both chiral 

and achiral compounds
1
.  In this chapter, the focus will be restricted to the signature in 

the NMR spectrum which is an indirect consequence of the interaction of an electric field 

with a single-crystal of uniformly labeled-
13

C-glycine.   

     From a generalized standpoint, the interaction of an electric field with an atom in a 

molecule occurs through the direct interaction of the electric field with the electronic 

structure that surrounds the nucleus of the atom.  Figure 1 shows a molecule of ethane in 

the presence of a magnetic field, denoted by B0 oriented in the direction of the z-axis, 

with an electric field interacting with a molecule.   
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Figure 1: The interaction of an electric field with  

the electronic structure of an atom 

 

The electric field pulse in figure 1 interacts with the electronic structure surrounding a 

nucleus which generates as a consequence a localized magnetic field around the nucleus.  

In order to generate the localized magnetic field, the electric field must cause a flow of 

electrons around the nucleus that will in turn create the magnetic field.  This is easily 

visualized in figure 2 below.   

 

Figure 2: Creating a localized magnetic field 

 

Upon generating a localized magnetic field, there is an associated change in the magnetic 

field that the nuclear spin is exposed to as a result of the perturbation indirectly felt.  It is 

important to stress that the interaction between the electric field and the nuclear spin is a 

purely indirect effect.   
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      As the electronic structure is perturbed, there is a change in the in the directionality of 

the chemical shift anisotropy tensor and the dipolar tensor.  This in turn will directly 

affect the spin Hamiltonian by altering the contributions of these two interactions in the 

solid-state spin Hamiltonian.  For liquid-state, the situation is different.  Molecules 

usually tumble or reorient fast on a time scale compared to the overall experiment time.    

It is as if there was not ever any application of a static electric field over the sample.   

     To circumvent this process, a solid sample in the form of a single-crystal could be 

used or for the case of liquids, a chiral molecule must be interrogated.  In the case of a 

static single-crystal sample, all of the orientational dependent interactions which make up 

the solid-state spin Hamiltonian are re-introduced into the appearance of the NMR 

spectrum in the form of line-broadening.  Below in figure 3 is a pictorial version of a 

chiral molecule with a preferred direction of electron flow.   

 

 

 

Figure 3: Chiral molecule with a preferred direction of electron flow 

 

Although, compared to the linewidths that are usually observed with a static powder 

sample (kHz’s) a single-crystal (hundred of Hertz) will have narrower lines which is a 
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result of the directional order in the physical sample. The last section will discuss the 

experiment that will be utilized in order to observe the signature of the indirect 

interaction of the electric field on the NMR spectrum.  First though the details of the 

theory behind the electric field need to be introduced to better grasp the nature of the 

effect of the this experimental realization of the NMR Stark Effect. For a more in depth 

discussion concerning the electric and magnetic field interactions see Ref
2
. 

     To start with, remember in the part of the spin Hamiltonian that is attributed to the 

chemical shift anisotropy component which can be expressed in equation form 

                                                                                                        

                                                                                                      (1) 

                                    

Where B is the magnetic field, I is the spin angular momentum and σ is the second rank 

chemical shift tensor which can be expressed in matrix form as equation 5.2 below. 

 

 

                                                                                                       (2) 

 

 

The elements of σ can be found through partial derivatives of the energy with respect to 

the vector components of spin and magnetic field as expressed in equation 3. 
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In solution state the isotropic component of σ is the value of interest, σisotropic which is 

composed of three principal values as shown in equation 4 below. 

 

                                                                                                     (4)     

 

Where σ11, σ22, σ33 represent the diagonal elements or the isotropic components of the 

CSA tensor.  From the previous chapters it has been stated that if there exist anisotropic 

contributions due to the experimental conditions then instead of using equation 4 which 

will give us only the isotropic component, equation 3 will suffice in either case.  In the 

case of a solid sample the details of the experimental setup will dictate whether or not 

components of equation 2 contribute to the line broadening in the NMR spectrum.  Next, 

an expression for the relationship of the electric field and the induced NMR shift is 

shown in the following equation 5 below. 

                                                                                                  (5) 

 

Ek is the electric field and Λijk is the chemical shift polarizability which is a third rank 

cartesian tensor.  The value of Λijk can be obtained through the partial derivatives of the 

energy with respect to vector components.  This is expressed through equation 6 in the 

following manner. 
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For the case of solution state the isotropic value of Λijk is the only value of importance 

and can be found by searching for the components contained in equation 7. 

 

 

                                                                                                               (7) 

 

Again, in the case of a solid sample, solving for the values in equation 6 gives a more 

precise of the picture due to not limiting the value to only the isotropic value.  The 

experiment that will be performed will benefit from the contributions of the anisotropic 

contribution from the various spin pairs throughout the system.  For all intensive 

purposes, all general requirements are imposed on this quantum system.  The magnetic 

field, B, must transform under parity in an even fashion as illustrated in figure 4a below.  

Angular momentum transforms evenly under the operation of the parity operator as 

shown in figure 4b 
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Figure 4:  Transforms under parity operation of (A) magnetic field,  

(B) angular momentum, or (C) electric field 

 

 

Having knowledge of the transformations is important although this subject matter will 

not be elaborated upon any more in this chapter.  The purpose of introducing the earlier 

equations was to highlight the parameters that have to been taken into account in order to 

calculate the needed electric field across a sample for detection by the use of NMR. 

     Different approaches have been taken over the last few decades to detect various 

electromagnetic perturbations.  Prof. Buckingham observed a change in the NMR 

spectrum as a result of applying an electric field across a sample of para-nitrotoluene
3
.  

He also had made many theoretical treatments of molecules under the influence of an 

electric field and the result on the NMR spectrum
4-7

.  Future efforts to validate the 

experimental findings have proven not to have been too successful
8,9

.  Although, in the 

case of investigating the realignment properties under the influence of an applied electric 

field under certain conditions, the hope would be that the introduction of the electric field 
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causes the re-introduction of the residual dipolar couplings to factor back into the 

spectrum in the case of liquids
10,11

.   

     In the case of this experiment, the idea behind the application of an electric field is 

that there must be some perturbation of the surrounding electrons that induces a localized 

magnetic field that affects the chemical shift term in the Hamiltonian.  This in turn should 

lead to a spectral signature of the strength of the electric field.   

 

Electric field probe 

 

     The construction of this double resonance probe was accomplished in chapter 2.  The 

specific challenges that were encountered aside from those were associated with the 

electric field setup.  In order to carry out the experiments needed to confirm the 

measurement of the NMR Stark Effect, an NMR probe was needed that would be able to 

generate an electric field inside of the receiver coil.  Below in figure 5 is a picture of the 

probe.  In figure 6 is a picture of two 30kV power supplies to generate the electric field 

across the sample.   

 

Figure 5: The electric field assembly inside an NMR coil. 
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Figure 6:  Two 30kV power supplies. 

 

     To generate the electric field, the two 30kV power supplies are connected to a high 

voltage line that runs up through the electronics of the 
1
H,

13
C-double resonance electrical 

circuit.  Extreme caution had to be taken during the design process of the probe head.  In 

the event that there is any arcing from the electrodes to the NMR coil, significant damage 

could be incurred.  High voltage tape (>10kV) is used to wrap areas surrounding the 

NMR circuitry. 
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     The sample is sandwiched between two ITO glass slide (Delcore, inc.) electrodes that 

are coated with Corona Red Dope® (Electronics Warehouse, Riv. CA).  A single-crystal 

of the co-crystal of 30%-Uniformly labeled glycine in NDA was chosen as the sample 

and the respective concentration.  With this new probe and this new sample the ability to 

measure the NMR Stark Effect should be possible.  The ability to measure this interaction 

that over 100 years ago was only being theorized is truly amazing.   
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6. CONCLUSION 

 

     The power of NMR is truly far reaching, as exemplified by the three applications 

presented in this thesis.  Biological systems are rewardingly complex, studies of which 

shed light on the atomic interactions associated with supporting life.  At the same time, 

the complexity can seem overwhelming when approaching such problems from a 

research standpoint.  Nevertheless, the ability to study these interactions by using solid-

state NMR has been demonstrated and there remains potential for advances in this area. 

     Additionally, NMR offers the ability to perform a computation that decades ago could 

only be theorized about.  Computational processes taking place within a quantum 

computer transcend classical boundaries and will undoubtedly make a contribution to the 

evolution of modern technology.  The lessons learned from studying the implementation 

of such computations are valuable, scalability alone has shown enormous promise.  In 

this thesis, the study of dephasing times in quantum information processing was 

undertaken, and the ability to go after the measurement of the NMR Stark Effect was 

made possible. 

     Problems associated with individual pulse sequences usually arise in one form or 

another. This thesis highlights the need to understand the instrumentation along with the 

interactions that ultimately give rise to the spectrum. The instrumentation forms the 

avenue by which the user of the magnet can access information regarding the sample 

contained within. 

 




