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ABSTRACT
Solid-state Nuclear Magnetic Resonance (ssNMR) has become one of the best
techniques to determine molecular structure via inter/intra-molecular interactions.
Unlike the well-known solution state NMR, solid-state NMR primarily elucidates the
structural information by chemical shift anisotropy and dipolar coupling regardless of
the solubility, crystallinity, and amorphousness of the target samples. This method has
been applied in studying lyophilized samples, non-crystalline solids, insoluble
aggregates, and biopolymer frozen solutions to determine their physical, chemical, and
biological properties.
This dissertation focuses on the applications of a variety of techniques of ssNMR
spectroscopy in combination with other techniques to understand the molecular
structures of substances of different kinds. The theoretical bases and the experimental
introduction are reviewed first, and then experimental design and results are provided
for the three projects separately: (1) The molecular structure of thin-film Boron carbide
and the intermediate “X” in the PECVD fabrication process are elucidated mainly
through ssNMR. Both13C and

11B

direct excitation and cross polarization (CP)

experiments, correlation experiments (13C-1H and

iii

11B-1H),

and

13C-11B

distance

measurements (REDOR) are applied to obtain connectivity information. FT-IR,
elemental analysis, and ab initio calculations are used in addition to confirm the NMR
results. The structure model of the intermediate “X” is proposed which is distinguished
from the structure of the thin-film boron carbide, however, the structure model of the
thin-film has not yet generated due to the weak signal from the natural abundance
product. (2) The non-fibrillar and fibrillar C-terminal and K3 fragments of beta 2
microglobulin are evaluated. The homonuclear distances (CT-fpRFDR) measurements
for the singly isotopically labeled protein samples are determined by comparing NMR
results of the fibrillized fragments with the beta amyloid (G9V12) measurement
standard. The fibril formation information is suggested by TEM, UV-Vis, and
Fluorescence spectra. The CT and K3 fragments of beta 2 microglobulin are proved to
form fibrils via parallel beta sheet structure. (3) The binding sites and/or the relative
orientation of the dissociation drug of beta amyloid aggregates are investigated by
ssNMR. Heteronuclear measurements (13C-2H REDOR) are mainly used to determine the
distance between the deuterium label on the drug and the carbon label on Aβ1-42. The
method upper limit is confirmed by lab made distance measurement standards,
anthracene derivatives. However, the negative result is obtained from the triple labeled
protein and singly labeled drug complex is not able to locate the drug-protein bound
positions clearly. Therefore, different labeling schemes are also proposed for further
confirm the assumption of binding sites.
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CHAPTER 1
INTRODUCTION
Mysteries remain when the detailed structure or orientation information of
substances is not fully understood by us. Understanding the physical structure of a
molecule is fundamental for function, dynamic, and mechanism studies. Many
methods, such as solution Nuclear Magnetic Resonance spectroscopy, abbreviated as
NMR, X-ray crystallography, and molecular spectroscopy (IR/Raman), have been
applied to molecular structure studies. But due to the fact that each of these
methods has a specific limitation, another method, solid-state NMR (ssNMR), has
become the irreplaceable tool for structure and dynamic study of solid systems
when these traditional methods are not applicable.
In order to understand how NMR works and what information ssNMR can help
to obtain, a number of applications on samples of different research interest, such as
amorphous inorganic compounds, fibrillar protein fragments, and protein-drug
complex, will be discussed in separate chapters of this dissertation after a quick
review of all the supplementary techniques that were applied and the background
knowledge and the experimental basics of ssNMR.

1

1.1 ssNMR vs. Solution NMR
NMR was discovered by Isidor Rabi in 1938.1 Like all other spectroscopy
technologies, it is used to study the relationship between energy and matter. NMR is
a non-destructive analytical tool which has been successfully applied to study
molecular structure, sample purity, and reaction mechanisms at the atomic level.
The application and development of NMR spectroscopy has demonstrated the great
contribution of this technique on compound identification and has enabled a more
thorough understanding of molecular structure and dynamics.
Under certain conditions, secondary molecular structure, which defines the
overall conformation, may be determined by other methods, such as X-ray
crystallography, IR, and/or Raman. But under unfavorable circumstances, the above
mentioned methods may not be applicable. For instance, X-ray crystallography is
one useful method that can be used on both natural and artificial macromolecules to
determine the molecular structure. However, this method can only be used to study
crystalline samples and requires relatively large amounts of sample in the
crystallization process. Therefore, it cannot be applied for non-crystalline and
extremely expensive samples.
To date, NMR has become one of the most popular techniques for scientists in
various fields, such as chemistry, biology, physics, pharmacy and geology.2 “NMR”, in
many places, refers to solution state (NMR) experiments, which requires the sample
to be in the solution phase for testing. Generally, it obtains structural information
based on isotropic interactions, such as isotropic chemical shift, J couplings, and
relaxation information (T1, T2, and NOEs). The same type of atoms experiencing
different local chemical environments will have different chemical shifts. Compared

2

to ssNMR, this method has much better resolution with line widths a hundred times
narrower and much stronger signal intensity because of the rapid isotropic
reorientation.3,4 This technique has become one of the fundamental tools for routine
compound identification, structure, and purity determination. However, the
limitation of this method is that the compound under investigation must be soluble.
The other sub-area of NMR technique, which works on the solid sample, is less
common. This technique, normally, is not the first choice when it comes to the point
of molecular structure determination. It is used only if no other techniques can
possibly be used to solve the problem.
Unlike the well-known solution state NMR, ssNMR primarily elucidates the
structural information by isotropic chemical shift, chemical shift anisotropy, and
dipolar coupling regardless of the solubility, crystallinity, and amorphous nature of
the target samples. This method has been applied in studying lyophilized samples,
non-crystalline solids, insoluble aggregates, and biopolymer frozen solutions for
physical, chemical, and biological properties determination when the rapid
molecular tumbling is eliminated or frozen.
The fascinating development of solid-state NMR methods in the past thirty
years has contributed greatly to the level of our understanding of molecular
structure and molecular interactions both quantitatively and qualitatively. Many
sophisticated ssNMR techniques, such as magic angle spinning (MAS),5,6
cross-polarization (CP),7,8 rotational-echo double-resonance (REDOR),9-11 finite
pulse radio-frequency-driven dipolar recoupling (fp-RFDR),12,13 rotational-echo
adiabatic-passage

double-resonance

(REAPDOR),14,15

and

multi-dimensional

correlation experiments, all of which have been developed for molecular
interactions and reaction mechanisms studies by elucidating insights of internuclear
3

distances, anisotropy, torsion angles, or exchange processes of insoluble,
non-crystalline solid materials, membrane proteins.3,16
Unfortunately, not all nuclei that have NMR signals are naturally abundant. The
use of isotopic labeling schemes allows ssNMR to be applied extensively to
molecular structure, dynamic, and interaction studies. Labeling not only helps to
improve spectral resolution and signal-to-noise ratio, it also allows the dipolar
coupling experiments to be more informative. The typical resolution of a ssNMR
signal is about ≥1ppm, which is a hundred times worse than that of solution NMR.
With the development of isotopic labeling schemes, samples under investigation can
be selectively or uniformly labelled for signal enhancement, which enables ssNMR to
reveal insights into problems such as protein folding and misfolding structures,
intermolecular interaction, molecular dynamics, and many other characteristics. It is
preferable to use samples with high abundance of NMR active isotopic labels in
ssNMR measurements for stronger signal and better resolution when the sample
preparation is relatively straightforward or the nuclei of interest are taking only a
very small percentage in nature.3,16
Depending on the type of measurement that will be used, different labeling
schemes may be applied. Generally speaking, selective labelled samples are used for
site specific measurements, such as distance determination between two nuclei.
Isotropically labelled proteins can be made by solid phase peptide syntheses17,18
and/or protein expression19 techniques. Normally, considering the cost, yield, and
time of operation, the solid phase peptide synthesis technique is used for small
proteins with 50 amino acids or less and when only selective isotopic labels are
needed, while the protein expression method is used for large proteins with more or
uniform isotropic labels.
4

1.2 Other applied techniques
There are many other techniques involved in either one or several projects of
this dissertation to provide supplementary information for sample characterization.
Ultraviolet-visible (UV-Vis) absorption and fluorescence (FL) spectroscopy are
commonly used for chemical characterization. UV-Vis absorption measures
transitions from the ground state to the excited state while fluorescence deals with
transitions from the excited state to the ground state emission spectra. Since many
compounds have their characteristic absorption/emission maxima, these methods
are often used to investigate conformational characteristic of compounds, such as
protein aggregation or formation of certain types of bonds. They can be used to
confirm the formation of β-strand structure in amyloid fibrils in the beta 2
microglobulin protein fragments study project.20 But these two are qualitative, not
quantitative, methods for site resolved three-dimensional structure determination.
Transmission electron microscopy (TEM) and atomic force microscopy (AFM)
are both convenient tools that are widely used in medical, biological, and materials
research. They normally provide us with direct two dimensional overall images of
the objects to the order of nanometers. However, they cannot be used to determine
information at the atomic level. Both methods are used for direct confirmation of the
fibril and oligomer formation in beta 2 microglobulin fragment proteins and beta
amyloid-ligand project.21,22
Mass spectrometry (MS) can provide very precise mass measurement, which is
not only used to check sample purity, but also to elucidate the molecular structure
by detecting the mass-to-charge ratio when the sample is ionized. This method is
extremely helpful for polymers and macromolecules that otherwise have spectra

5

that are too complicated to be interpreted. This technique is used to confirm the
molecular mass of beta 2 microglobulin fragments. Depending on the mass and
ionization preference, gas chromatography–mass spectrometry (GC-MS, 50-400 m/z)
and matrix-assisted laser desorption/ionization-time of flight mass spectrometry
(MALDI-TOF MS, 1000-6000 m/z) are commonly used.23 The purity and molecular
mass of distance measurement standards used in the beta amyloid-drug complex
study are determined by this technique.
In order to have a sample with good purity and consistency, purification
methods such as high-performance or pressure liquid chromatography (HPLC) and
size-exclusion chromatography (SEC) are commonly applied. HPLC is a very
powerful method to purify and characterize a mixture, and provides information
such as percentage of each composition quantitatively. This method is one of the
most common methods used in protein purification. It is a form of liquid
chromatography (LC) that utilizes small column size, small media inside of the
column, and higher mobile phase pressures. Similarly to LC, HPLC separates
mixtures based on their affinity difference with the column media. But since the
column is very compacted, when a sample mixture contains several impurities with
similar affinity to the column, it is very difficult to separate the impurities out with
this method.23 Beta 2 microglobulin fragment proteins are purified by this method.
Unlike HPLC, SEC, also known as gel permeation chromatography or gel
filtration chromatography, separates particles on the basis of the size. SEC is used
primarily for the analysis of large molecules such as proteins or polymers. This
technique normally is used along with other methods in order to obtain further
separation based on their different characteristics, such as acidity, basicity, charge,
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and affinity. 24 A uniformly labelled beta amyloid protein, made by cell expression, is
purified using SEC.

7

1.3 Dissertation outline
In this dissertation, the fundamentals of solid-state NMR followed by three
different applications are discussed. The experimental methods, data, and results
will be described in detail in each application chapter.
In Chapter 2, a brief review of basic theory of ssNMR and the composition of the
instrument is covered. General experiment setup procedure and all of the ssNMR
techniques used in the projects of this dissertation are described in Chapter 3.
Chapters 4, 5 and 6, are describing three projects, including: Hydrogenated
amorphous Boron Carbides, Beta 2-microglobulin fragment proteins, and
Beta-Amyloid drug complex, in which ssNMR and other techniques are applied to
determine the molecular structure. The project background, goal, experiment design,
condition, results, and plan of future works are also discussed accordingly.
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CHAPTER 2
NMR BASICS
In order to provide a general understanding of NMR and the structure
determination methodology discussed throughout this dissertation, the background
of NMR, including the hardware composition and fundamental principles, will be
overviewed briefly in this chapter.
All of the critical components of the instrument and their functions are
described first in this chapter followed by the chemical and physical background of
NMR.
The NMR basics are very necessary when we try to relate the physical chemistry
to the fundamental theory, and describe how to use NMR to study the properties of
mater at the atomic level. Therefore, a clear relationship of matter characteristics
and NMR spectra is presented mathematically. Quantum mechanics and the most
important theories, such as perturbation theory and average Hamiltonian theory are
introduced to describe interactions study in NMR.

9

2.1 The composition of NMR
Like all other spectrometers, the typical solid-state NMR spectrometer contains
an energy source, signal detector, and data processor. To be specific, the major
components of the NMR instrument are the magnet, shims, probe, amplifier,
transmission electronics, console, and computer (Figure 2-1)25. The function of each
part of specific importance will be explained in this section.
The magnet, also called a superconducting magnet, is made of superconducting
wire. It is immersed in liquid helium and liquid nitrogen from the inside-out. In the
cold atmosphere provided by the two liquids, the wire keeps its superconducting
properties and generates a stable magnetic field. When samples are place inside of
the magnet core, all nuclei experience a stable external magnetic field because of the
superconducting magnet. The strength of the NMR spectrometer is in the range of 6
to 23.5 Tesla, which is normally presented by the resonance frequency of the
hydrogen atom (250 ~ 900 MHz).
Shimming coils are embedded inside the magnet to adjust the magnetic field.
These coils are used to compensate for the magnetic field inhomogeneity for the best
spectroscopic resolution. These coils are specially wired so that they can correct the
magnetic field generated by the superconducting magnet in a number of orthogonal
directions.
Normally, the hardware of a solution NMR spectrometer is very similar to the
solid-state NMR spectrometer except for the probe. Both types of probes are used to
hold the sample and are placed into the middle of the magnet for NMR signal. Most
of the modern ssNMR probes have the adjustable sample holder (stator), which can
align the sample at specific angles relative to the external magnetic field. A coil
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inside of the stator but around the sample is the most critical part of the probe. It is
used to excite and receive RF signals. The coil for the ssNMR probe is normally
aligned at the magic angle to the external magnetic field, while the solution NMR
probe has the coil aligned along the external magnetic field. Other components of a
NMR probe mainly include the circuits used to tune the probe and block signal leak
from other channels so that the probe can be set to specific resonance frequencies.
When the probe is tuned to the right RF frequency, it can manipulate the
magnetization with optimum efficiency (Figure 2-2).25
The transmission/receiver (T/R) electronics, include high power pass diode
boxes B/C cables, RF filters, and λ/4 wavelength transmission lines used for signal
transmission, which vary with the nucleus of interest in the NMR study. The main
components of this part include the transmission line, which is a quarter wavelength
of the resonance frequency of the nucleus under the specific magnetic field; the RF
filter, which only allows frequencies in a certain range to pass through and blocks
out all other frequencies; and the crossed diode box on each channel, which is used
to protect the preamp from being burned by the high RF power generated by the
amplifier and act as a T/R switch.26 For example, in the case of a proton-carbon
double resonance probe for a 400 MHz magnet, the corresponding electronics
should be used in each channel separately.
C

νλ

(2-1)

For 1H channel,
λ
4

C
4ν

3
4

10 m/s
400MHz
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0.1875m

Thus, the transmission line of 1H should be 0.1875m. However, this calculation
is assuming the electromagnetic wave is moving in the vacuum, the actual length of
the transmission line is proportional to λ/4 and varies with the media in which the
wave is traveling.
The NMR console generates RF pulses corresponding to the order sent by the
computer, receives RF signals transmitted from the probe, and converts the
electromagnetic/analogue signal into a digital signal.
The RF Amplifier is used to amplify the weak RF signal sent to the probe.
Normally, the amplifier can amplify the power by at least 100 times when the input
frequency is in the working range of the amplifier as long as the probe is efficient
enough.
A pre-amplifier is needed before the signal is sent to the amplifier. It is a small
circuit used to amplify the small signal generated from the sample in the RF sample
coil.
The computer (workstation) has installed software which is used to
communicate with the NMR console to generate specific commands to create
different RF pulses, to store and process the data originated from the probe, and to
convert the information into NMR spectra.
Beside these major parts, accessories such as laser generator/receiver and fiber
optics, RF power attenuators, B/C cables, as well as oscilloscope are needed to form
the complete system. All of the above described components need to work together
to ensure the correct function of the NMR spectrometer.
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2.2 The principles of NMR
It is well known that atoms are the fundamental unit of molecules, which are
composed of protons, neutrons and electrons (Figure 2-3). Nuclei may be considered
as tiny magnets with their characteristic spin quantum number (I) from all the
elemental isotopes. The nucleus has non-zero net spin only when it contains
unpaired protons or neutrons (Table 2-1).
The most commonly studied isotopes, such as 1H,

13C, 15N,

are spin = 1/2. This

type of nuclei has 2 I + 1 = 2 stationary states, distinguished by quantum number m
= +1/2 or -1/2, under an external magnetic field (B0). In this chapter, the
background theory of NMR will be discussed based on the spin 1/2 nuclei. The more
complicated quadrupolar nuclei (I > 1/2), such as

11B

and 2H, will be mentioned in

the following chapters when studying the specific quadrupolar nuclei.
Under normal circumstances, all nuclear spins are oriented randomly due to
thermal effects and the oppositely oriented spin vectors cancel each other leaving no
net magnetization. However, when a strong external magnetic field is applied, nuclei
with non-zero spins will exhibit a Zeeman splitting, leaving spins oriented either
partially along or opposite to the external magnetic field. For the nuclei with positive
gyromagnetic ratio, γ, the orientation along the external magnetic field is preferred,
the population of this lower energy state (+1/2 or α) is slightly higher than that of
the higher energy state (-1/2 or β). At equilibrium, the population of spin in the state
of lower energy is slightly higher than that of state of higher energy level. The
population difference is determined by Boltzman distribution (
where k is Boltzmann's constant, 1.3805x10-23 J/K) (Figure 2-4).27
13

Nα
Nβ

e

Eα E β

T,

Table 2-1 List of nuclei of interest in this dissertation4
Nuclei
1H
2H
14N
15N
12C
13C
10B
11B

Neutron
0
1
7
8
6
7
5
6

Proton
1
1

Natural abundance
99.985%
0.015%

7
7
6
6
5
5

99.632%
0.368%
98.9%
1.1%
19.97%
80.0%
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Net spin
1/2
1
1
1/2
0
1/2
3
3/2

A non-zero net magnetization is accomplished when the external magnetic
field is applied. An NMR spectrum is obtained by detecting the energy transition due
to small population difference between different stationary states of nuclei spins.
The energy difference between the two spin states is dependent on the external
magnetic field. The energy needed to transition from α state to β state is:
ΔE

γħB mβ –

γħB mα

γħB

hναβ

ħωαβ

(2-2)

Here ναβ and ωαβ represents the transition frequency between these two states
with regular (Hz) and angular frequency units (rad/s). ħ=h/2π, where h is Planck's
constant (6.626x10-34 J s).
Non-zero spin gives a non-zero magnetic moment, noted by µ, which is related
to the gyromagnetic ratio γ and spin quantum number I by the plank’s constant ħ as
µ = γIħ. The magnetic moment experiences a torque τ that tends to change the
angular momentum L of the nucleus, therefore causing it to precess around the
applied external magnetic field B0 at a characteristic frequency depending on the
type of the nucleus, called Larmor frequency (ω0 = -γB0).4 This frequency is identical
to the transition frequency between the two stationary states (ω = ΔE/ħ). A typical
Larmor frequency is in the range of 10 – 1000 MHz, which falls into the radio
frequency (RF) range (3 kHz to 300 GHz,).27
The field strength of a magnet used for NMR nowadays is in the range of 1-20
Tesla. But in NMR studies, the energy difference, presented as resonance frequency
ranging from 20 to 900 MHz depending on the external magnetic field strength and
the type of the nucleus, is commonly used instead (Figure 2-5).4
Nuclei that have non-zero spins are capable of absorbing RF energy which is in
the form of an electromagnetic wave. Different nuclei may have different resonance
frequencies even if they are in the same molecule and same magnetic field. Magnetic
15

resonance absorption/emission happens when the provided RF frequency equals
the Larmor frequency of the nuclei (ωRF = ω0) or nearby. In this case of ωRF = ω0, the
RF pulse is called “on-resonance”, and it is called “off-resonance” when ωRF ≠ ω0, but
still nearby. If the pulse sequence contains pulses that are much shorter than the
timescale of dipole-dipole or chemical shift interactions, then these pulses are called
“delta-function” pulses.
In NMR experiments, RF pulses are used to manipulate the magnetization. They
are generated by applying a current to the coil around the sample rotor generally
along the X’-axis, and the current will create a magnetic field which is perpendicular
to the external magnetic field. Here X’ refers to the X-axis rotating around the Z-axis.
The rotating frame of reference, instead of the common laboratory frame of
reference, is usually used to make the magnetization evolution for NMR study easier
to understand. It is defined by the coordinates rotating around the Z-axis of
laboratory frame of reference at the frequency, called the carrier frequency. In the
rotating frame, the transverse magnetization rotating at the same frequency around
the Z-axis will appear to be stationary. An alternating current applied to the coil in
the laboratory frame with the same frequency as that of the carrier frequency has
the same effect as a direct current in the rotating frame. It creates a constant
magnetic field B1 perpendicular to the external magnetic field B0. The effect of the RF
pulse is to “flip” the magnetization by an angle, which is the flip angle θRF
determined by the field strength B1, with frequency ω1 and time τRF of the applied
RF pulse. (θRF

γB τRF

ω τRF )

The effective magnetic field Beff experienced by the nuclear spin varies as the
result of change of the RF pulses. Normally, a 90° pulse refers to the pulse to flip the
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magnetization for 90° or π/2 radians in the rotating frame of reference (Figure
2-6).28
In different NMR experiments, different RF pulse sequences are applied to
manipulate the time evolution of spins effectively varying the Hamiltonian. When RF
pulse is applied on-resonance along X-axis with frequency ω1 = γB1, it rotates the
magnetization by -ω1t about Z-axis.
The magnetization will be affected because of thermal dynamic and/or external
magnetic fields fluctuating even in the absence of a RF pulse. The attempt to re-align
along with the external magnetic field and losing phase coherence while rotating
about B0 is called relaxation process. The first process (process to align
magnetization along external magnetic field) is called longitudinal relaxation or
spin-lattice relaxation T1 and the second process (coherence loss) is called the
transverse relaxation or spin-spin relaxation T2. The effect of T1 is defined as the
time needed for the magnetization to re-align back to equilibrium and T2 is the time
taken for the magnetization to drop by 1/e ( e ≈2.71828 is a mathematical constant
defined by the base of the natural logarithms) in the transverse plane (Figure 2-7).
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2.3 Quantum mechanics in NMR
To understand how NMR experiments work, quantum mechanics is used to
describe the states and interactions of spin system. It can be used to understand
both the individual and the overall spins. The state of a spin can be represented by
wave function ψ, which is an eigenstate belonging to one of the many possible states
of the spin depending on the nature of the spin. Generally speaking, a single
well-defined physical state can also be represented by a “ket” vector, |

, which has

|. Normally, the “ket” vector can also be

an adjoint, noted as a “bra” vector,

represented by a column vector while the “bra” vector can be described by a row
vector.29 The two stationary states of spin 1/2 then can be written as |α and |β ,
and the superposition state can be written as a linear combination of |α and |β
Ψ

cβ |β

cα α

(2-3)

In quantum mechanics, the expectation value <Â> of a physical observable in a
certain state ψ can be determined by
Â

ψ﹡ Âψ τ

ψÂψ

(2-4)

ψ|ψ

﹡

ψ ψ τ

Â is the operator that acts on the physical observable, such as energy, position,
or momentum.
In ssNMR, the commonly used operators are the spin operators Î2, Îx, Îy, Îz, rising
Î+ and lowering Î_ operator, and Hamiltonian (energy) operator Ĥ.
Îx, Îy, and Îz, represent the x, y, and z component of the spin angular momentum.
The relationship between spin operators can be described using the following
equations:
Î

Î

Î

Î

Î

Î

Î

Î
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Î

Î

Î

Î

iÎ

(2-5)

Îx, Îy, and Îz are related by cyclic permutations:
Î ,Î

iÎ

Î ,Î

iÎ

Î ,Î

iÎ

(2-6)

The expectation values of these states are defined as the following:
ψI Î ψI

Î

τ

ψI ψI

ψI

τ

ψI Î ψI

Î

ψI ψI

Î ψI

τ

ψI

τ

I I

Î ψI

1

(2-7)

m

(2-8)

For nuclei with spin quantum number I = 1/2 and quantum number m = ±1/2,
the possible states ψI of the nuclei ψ

α or

,

and ψ

β or

,

two states are eigenfunctions of operator Î with the eigenvalues of
Î |α

Î |β

ħ|α

mħ|α

ħ|β

mħ β

. The

ħ.
(2-9)

ħ will not be included for convenience from now on:
Î |β

|α

Î |α

Î |α

0

|β

Î |β

0

(2-10)

Then, each operator changes the spin stated accordingly as follow
Îx |β

1
2

Î

Î

1

|β

2

Î |β

1

Î |β

2

|α

0

1
2

|α

(2-11)

Similarly,
1

Îx |α

2

|β

Îy |α

1
2i

|β

1

Îy |β

2i

|α

(2-12)

The operators and states of the spin can also be written mathematically in the
matrix form, and are determined by the type of the operator and two stationary
states
Â
Î

2

3
4

1
0

0
1

Îx

1
2

Î

0 1
1 0
0
0

Îy
1
0

αÂα

αÂβ

βÂα

βÂβ

i
2

Î_
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0
1

1
0
0
1

(2-13)
Îz

0
0

1
2

1
0

0
1

(2-14)
(2-15)

1
0

α or |α

β or |β

0
1

(2-16)

In NMR studies, the resulting expectation value of the appropriate operator
determines the quantity of signal that can be detected. For example, the
x-magnetization is related with the expectation value of the x-component of the spin
operator Îx. In practice, the observable NMR signal is determined by the expectation
value of Îx.
Mx

ħ

ψ Îx ψ

Îx

(2-17)

ψ|ψ

The Hamiltonian operators are extremely important in NMR as they are used to
represent the interactions. Generally speaking, NMR is the technique of studying the
spin interactions, which include both internal interactions and external
interactions.4,27,29
Ĥ

Ĥext

Ĥint

(2-18)

The external interactions include Zeeman interaction with the external field B0
and interaction with field B1 generated by RF pulse. The internal interactions are
much more complicated compared to external interaction, in the system that only
the spin 1/2 nuclei are involved, the interactions include chemical shielding
interactions

(isotropic

ĤICS

and

anisotropic

ĤCSA

interactions),

dipolar

interactions ĤD , and scalar interactions ĤJ . The quadrupolar interactions ĤQ in the
case of spin >1/2 are neglected here.
Ĥext
Ĥint

Ĥ0

ĤICS

ĤRF
ĤD

ĤCSA

(2-19)
ĤJ

(2-20)

The Zeeman Hamiltonian Ĥ0 is time-independent, but the other interactions
are orientation or time-dependent in magic angle spinning (MAS) experiments. The
relationship varies depending on the type of Hamiltonian operator. The chemical
20

shift Hamiltonian ĤCS is determined by both the effective frequency ω(t) of the spin
and the z component of the spin operator. The Hamiltonian of chemical shift
anisotropy ĤCSA describes the orientation dependence of chemical shift. It contains
the same spatial dependent term, but different spin dependent term as ĤD . The
dipolar coupling Hamiltonian ĤD is defined as the dipole-dipole interaction to
nearby spins. It depends on both the effective spin orientation relative to the
external magnetic field and the spin operators of the two dipolar coupled spins. The
J-coupling Hamiltonian ĤJ represents the indirect interaction between neighboring
nuclei. ĤJ corresponds to a through-bond interaction, which is different from the
dipolar coupling due to through-space interaction. The Hamiltonian operator of an
RF pulse is also determined by the effective frequency and the x/y component of the
spin operator, which is applied in the transverse (xy) plane to the static magnetic
field with phase ϕ(t). The Hamiltonian operator ĤRF

ω1 Îx can typically be

considered to affect spin angular momenta by an instantaneous rotation of flip angle
θ = ωRFt.
The Hamiltonian operators are related to spin operators, in isolated spin 1/2
(I-S) system, the Hamiltonian of interactions can be represented by the interaction
tensors and corresponding spins:
Ĥ0
HRF t

ω1 t Îx cosϕ t

ĤCS
ĤD

ĤICS

Î D Ŝ

ĤCSA
d 3Îz Ŝz

γB0 Îz

ω0 Î z

(2-21)

Îy sinϕ t , where ω1
γB0 Îz σiso

1
2

σCSA 3 cos2 θ

Î Ŝ , where: d
ĤJ

2πÎ J Ŝ
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γB0 , ϕ t

μ0 γI γs
4πr3

ω1 t

1

ħ 3 cos θ

(2-22)
(2-23)

1

(2-24)
(2-25)

The chemical shielding tensor is defined by the average value of the three
critical directions
σ

, where σ11≤σ22≤σ33
σCSA

Δ

σ

σ

(2-26)
(2-27)

The anisotropic chemical shielding factor or the chemical shift anisotropy (Δ)
can be used along with the asymmetry parameter (η) to define the powder pattern
(the line shape of the sum of all possible molecule orientations).
(2-28)

η

The anisotropic term is averaged to zero in solution during the rapid and
random tumbling of the molecule. Therefore, only the isotropic term remains in
solution NMR. In the case of solid-state NMR, MAS technique is commonly used to
accomplish the similar effect.
μ0 is the vacuum permeability constant (µ0 = 4π×10−7 V.S/(A.m)), γ1 and γ2 are
gyromagnetic ratios, and θ is the angle determined by the dipolar coupled spins in
respect to the external magnetic field. Under MAS, the sample is rotating round the
external magnetic field at θ=54.7°. Both ĤCAS and ĤD terms are averaged out since
they contain the same orientation dependence 3 cos θ

1 (Figure 2-8).

MAS technique provides better resolution since the line broadness due to
chemical shift anisotropy and dipolar coupling is eliminated with the sample
rotating at the magic angle relative to the external magnetic field. Different pulse
sequences have been discovered to re-introduce the dipolar coupling information
without involving the chemical shift anisotropy information. The higher the MAS
speed the better resolution or fewer spinning sidebands of the spectrum will be
obtained. Depending on the type of the rotor, the speed in a modern MAS ssNMR
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instrument can achieve up to 80 kHz.30 The detailed explanation of how MAS works
will be discussed later in this section with the essence of the interactions involved.
The simplified nuclear spin Hamiltonian under MAS in the rotating frame
contains four terms, chemical shift interactions ranged in 10 2 ~ 104 Hz (anisotropy/
isotropic), dipole-dipole couplings (102 ~ 105 Hz), and interactions with RF field
(104 ~ 105 Hz). J-coupling (100 ~ 102 Hz) usually can be neglected when a
decoupling pulse is applied, not to mention that it is very small relative to other
terms. From this point, the simplified way to represent the operators will be used
with symbol “ˆ” dropped.
H

HICS

HCSA

HD

HRF

(2-29)

The isotropic chemical shift is determined by the difference between the
precessing frequency of the spin and the RF carrier frequency. It is the average of
chemical shift in all directions. The Hamiltonian associated with the part of isotropic
chemical shift, unlike the other three terms, is time-independent and can be
represented as
HICS

γσB I

ωI I

(2-30)

The resonance frequency of the same type of nucleus in different chemical
environments will have different chemical shift because it experience different
external magnetic fields. The orientation and electron density around the nucleus
affect the overall magnetic field that is experienced by the nucleus. If the magnetic
field induced by the nearby circulating electrons aligns along with the strong
external magnetic field (B0), the apparent magnetic field of the nucleus will be larger
than B0 by a factor of σ. On the other hand, if the induced magnetic field is on the
opposite direction comparing to B0, the apparent magnetic field will be smaller. The
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factor σ is called chemical shielding tensor, which varies with both the type of the
nuclei and the bonds in the molecule.
B

B 1

σ

(2-31)

Normally, isotopic chemical shift (δiso), the relative value of chemical shift
tensor (σiso), is used to characterize a nucleus to avoid confusion and inconvenience.
This is because of the value of σiso is different for the same nucleus of the same
molecule under different magnetic fields. Thus, in NMR studies, chemical shift is
comparable even if a different magnet is used. The chemical shifts, with the same
reference selected, stay the same.
δ

(2-32)

It is also defined as the difference between the standard and the actual sample
resonance frequency in ppm, calculated by,
δ

10

(2-33)

The most commonly used reference of 1H and 13C is tetramethylsilane (TMS) for
solution NMR and adamantane for solid-state NMR spectroscopy.
The anisotropic chemical shift term is much more complicated compared to
that of isotropic chemical shift because the coefficients of this term are orientation
dependent, but this term only contains one single operator Iz

HCSA

A α, β cos ω
2γ

t

γ

D α, β sin 2ω

B α, β sin ω
t

2γ I

t

γ

C α, β cos 2ω

t

(2-34)

Coefficients A’, B’, C’, and D’ are determined by the relative orientation of the
sample respect to the axis of MAS rotor. α, β, and γ are called Euler angles (Figure
2-9), which refer to the angle of x, z and y axis rotated from the old coordinate
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system to form a new coordinate system, or the angle between the principal axes of
a specific molecule in the rotor and the fixed axis system. And ωrot represents the
spinning frequency of the MAS rotor (ωrot=2π/τrot).27,31
HD corresponds to the dipolar interaction, like the chemical shift anisotropy, it
has coefficients A, B, C, and D that are determined by the Euler angles, the rotor
spinning speed, and the respective positions of the two spins. The magnitude of this
type of interaction is related to the spin type, internuclear distance, and the relative
orientation between the interaction and the external magnetic field. The dipolar
interaction term
HD

A α, β cos ω
2γ

t

γ

D α, β sin 2ω

B α, β sin ω
t

2γ

t

γ

3I I

C α, β cos 2ω

I ·I

t
(2-35)

For a spin system, the wave function can be defined as the solution of the
time-dependent Schrodinger equation:
|ψ t

i

H t |ψ t

(2-36)

The importance of the Hamiltonian can be seen from this equation because it
determines the time-evolution of the wavefunction. If Ĥ t is a constant Ĥ, the
solution of time-dependent Schrodinger equation is:
ψ t

e

H

|ψ 0

(2-37)

If Ĥ t is not constant, the solution of Eq. (2-31) is:
|ψ t

U t |ψ 0

(2-38)

U(t) is the evolution operator or a propagator defined as:
U t

T exp i
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dt H t

(2-39)

T is the Dyson time-ordering operator. If divide the time into N intervals from 0
to t with lengths τj =τ1, τ2, … , τN during which the Hamiltonian is Hj = H1, H2 , … , HN.
U(t) can be described as:
U t

HN N
e

e

HN

N

…e

H

e

H

(2-40)

In NMR, because there are different states other than just one single,
well-defined state evolved in the systems the density operators instead of state
vectors need to be used to describe the weighted average of all spin states in the
sample. The density operator is defined as:
ρ t

|ψ t

ψ t |

(2-41)

The evolution of the density operator under the effect of a time dependent
perturbation H(t) can by described as time-dependent Schrödinger equation:
ρ t

i H t ,ρ t

(2-42)

Equation 2-46 is known as the Liouville-Von Neumann equation, which
describes the change of the density operator caused by spin interaction described by
a Hamiltonian. If these two operators commute with each other, there will be no
time evolution. However, quantum mechanical operators do not commute with one
another generally.
So, for time independent H, solution of 2-42 is
ρ t

e

H

ρ 0 e

H

(2-43)

In the case when Hamiltonian is time dependent, the solution of 2-46 is
described as
ρ t

U t ρ 0 U t

e

HN N

…e

H

e

H

ρ 0 eH

eH

… e HN

N

(2-44)

ρ 0 is defined as the initial equilibrium condition. It is proportional to the spin
angular momentum along B0.
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ρ 0

ρ

∑ Î

Î

(2-45)

In NMR experiments, the transverse components of spin angular momentum
∑ Î

are collected, which gives both the real Î

and imaginary Î

∑ Î

parts of the complex signals.
e
I

e
e

I

I eI

I eI
I

I eI

e
I cosθ
I cosθ
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I

(2-46)

I sinθ

(2-47)

I sinθ

(2-48)

2.4 Perturbation theory
In quantum mechanics, the perturbation theory is widely applied to study the
spin interactions. The idea is to consider the simplest system which has a known
mathematical solution then add an additional perturbing Hamiltonians, the weak
interactions, to the system. Normally the time-independent Zeeman interaction (H0)
is of the largest magnitude compared to other time-dependent interactions (H1), and
it is considered the dominant interaction while the other interactions are considered
as the perturbation on the Zeeman interaction of the spin system.27,29
H

H

H

(2-49)

The high field approximation is equivalent to assuming first order perturbation
theory. This means only the part of H1 has the same zeroth order eigenfunctions as
H0 can affect the spin system when we study the energy perturbed system to first
order. The parts with higher orders do not necessarily commute with H0, but this
part should have neglectable effect on the spin system. To understand this theory,
the definition of commuting should be reviewed briefly first.
The relationship of two commute operators (A and B) can be described
mathematical as
A, B

0

(2-50)

This means that if the two operators are said to commute with each other, the
result should not change by switching order of the two operators.
The high field approximation is applied to simplify our work, so that the spin
dependent terms that do not commute with Iz1 and Iz2 (or Iz Sz for heteronuclear
interactions) will be discarded. Therefore, the H CSA and HD can also be represented
as
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µ ħ

HCSA
HD

µ ħ

3cos θ

µ ħ

Or HD

3cos θ

1 B I

1 3I I

3cos θ

I · I

1 2 I ·S

(2-51)
(2-52)
(2-53)

The two nuclei, with a dipolar coupling and chemical shift anisotropy vector
oriented at the magic angle of θm=54.7°to a strong external magnetic field, have zero
average dipolar coupling and chemical shift anisotropy because of their orientation
dependent term is averaged to zero: 3cos θ

1

0 under MAS when no RF

pulse is applied. However, the HCSA and HD act differently under RF pulse. For
example, the results of a π pulse to the two interactions are different.
e
e

I

I

HD t e

I

HCSA t e

I

HD t
HCSA t

(2-54)
(2-55)

This feature opens a path to create a great number of powerful ssNMR methods
to selectively re-introduce the wanted internal spin interactions and remove the
unwanted parts of the interactions. For this reason, if a series of dipolar recoupling
pulses is applied, the dipolar coupling can be resumed while chemical shift
anisotropy remains zero under MAS.
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2.5 Average Hamiltonian theory (AHT)
Average Hamiltonian theory is applied when the same time evolution result is
produced in every rotor period.27,32
HRF τ

t

HRF t

(2-56)

HD τ

t

HD t

(2-57)

HCSA τ

t

HCSA t

(2-58)

H

(2-59)

Thus, U(t) can also described by the
U t

e

The average Hamiltonian can also be represented by
H

H

H

H

Where the first order Hamiltonian H

(2-60)
H t

H t

HN t N is simply

the average of the Hamiltonian in each event during the time cycle τc (period). The
other terms, such as the second order Hamiltonian
H

H t ,H t

H t ,H t

H t ,H t

(2-61)

The higher-order Hamiltonians may be ignored when the higher ordered terms
are much smaller compared to H0.
H

H

(2-62)

These theoretical approximations are very useful in experimental design and to
understand magnetization changes. These approximations allow much more
convenient magnetization manipulation. Spin interactions information, such as
dipole-dipole coupling, can be obtained by a series of well designed pulses to
selectively remove and/or introduce information.
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Figure 2-1 Schematic presentation of the major system
of the NMR spectrometer.

Figure 2-2 Schematic presentation of the 2 channel NMR probe.
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Figure 2-5 Corresponding proton transition frequencies under different
magnetic fields

Figure 2-6 A 90° flip angle by RF pulse
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Figure 2-8
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CHAPTER 3
SOLID-STATE NMR EXPERIMENTS
In order to make sure the instrument is optimized for the best resolution and
signal-to-noise ratio, before each experiment every channel of the NMR probe needs
to be shimmed, tuned, and calibrated. Generally speaking, the process of
experimental setup includes magnet shimming, probe toning, RF pulse calibration,
and repetition time determination. Then, after completing all of the above
mentioned steps, a known sample can be used as a measurement standard to test
the method and/or to reference the chemical shift of the spectra.
This chapter will focus on how to setup an ssNMR experiment. Techniques such
as CP, REDOR, CTfpRFDR, and correlation experiments that applied in this
dissertation are reviewed as well.
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3.1 Setting up a solid-state NMR experiment
The standard NMR experimental setup procedure includes magnet shimming,
probe tuning, and RF pulse calibration.
Normally, in order to ensure the homogeneity of the magnetic field around the
sample to obtain pure lorentzian line shapes, the magnet needs to be shimmed in
either one or all three directions (x, y, z), including the axial (Z1, Z2, Z3, Z4, Z5, Z6)
and radial (X, Y, XY, XZ, YZ, X2-Y2) shims by applying compensating currents to the
various shimming coils inside of the magnet. This work can be done both manually
and automatically for most systems. For our 357 MHz solid-state NMR, the well
shimmed magnet can achieve line width of about 60 Hz (~0.16 ppm) for
adamantane (C10H16).8 This step can be skipped once the magnet is shimmed and no
significant change has been applied. Therefore, shimming is only necessary once
every few months.
Unlike shimming, the probe should be tuned much more frequently to make
sure the RF power transfers between the wires and probe efficiently without losing
the signal. When the impedance matches perfectly the optimal pulse efficiency and
the best signal-to-noise can be obtained. Generally speaking, pulse and decoupler
transmitters and the connecting cables of the NMR spectrometer have an impedance
of 50 Ω, therefore, the probe should present a 50 Ω load to achieve optimized
performance.33
Magic angle spinning (MAS) is commonly used in ssNMR studies. Normally, the
magic angle needs to set correctly for the best possible resolution and signal
intensity. So, the magic angle should be set for MAS before RF pulse calibration and
any NMR measurement. . This is normally accomplished by adjusting the orientation
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of the sample holder until the maximum number of rotational echoes with the
largest amplitude is obtained. 79Br spectra of KBr is generally used for MAS setup.8
The RF pulse calibration can be considered the most important step. Generally,
the width of a 90° pulse should be calibrated. In a direct excitation experiment, it
represents the time taken for the magnetization flip from Z-axis to XY-plane with the
angle of 90°. To achieve better accuracy, the calibration curve, called “nutation curve”
of signal as a function of pulse width is usually generated after a series of spectra are
collected. The maximum magnetization can be found at odd integer times of 90°
pulse, and zero magnetization should be observed at pulse width corresponding to
the even number of 90° pulse. Based on the information obtained through 90° pulse
calibration, the pulses with certain degree flip angle can be calculated. It also tells us
the field strength, which is related to the probe efficiency, of the specific channel.
The approximate field strength of each channel can be determined by calculating the
inversion of 360° pulse duration, Moreover, because the 90° pulse is determined by
taking the signal as a function of the applied pulses with different widths, which can
be plotted to obtain a sinusoidal curve, the RF coil homogeneity information can also
be obtained. Ideally, the best probe should have the best field homogeneity, which
has the maximum signal intensity for 450°, 270°, and 90° pulses with signal loss of
less than 90%.8 The pulse calibration can also be obtained by cross polarization
experiment, where the zero magnetization corresponds to odd numbers of 90°
pulse.
Other calibrations, such as Gaussian pulses and low amplitude pulses, may be
necessary depending on the type of the experiments. However, these pulses are not
used in the projects that will be discussed in this dissertation.
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3.2 Understand ssNMR experiments
T1 measurement: The relaxation time of the sample should be obtained before
any other measurement as it defines the experiment repetition time. Generally
speaking, the repetition time should be longer than five times the T1 (longitudinal
relaxation). The most common T1 measurement is called inversion recovery
experiment (Figure 3-1).4 It measures the time takes for the magnetization to
inverted back on Iz from –Iz. In each experiment, the time τ between the first 180°
inversion pulse and the second 90° pulse increased stepwise, so the signal intensity
can be plotted as a function of τ. The data can be fit into an exponential function
formatted as:
I (τ) = Ieq (1-2exp(-τ/T1))

Due to the fact that the direct observed inversion recovery T1 measurement may
be very time consuming depending on the character of the sample and the difficulty
involved to inverse the broad quadruple peak, other versions of T1 measurements,
such as saturation recovery (Figure 3-1), sometimes are applied to obtain an
approximate T1 in a relatively short experiment time. This method uses a train of
short pulses to saturate the spins before each increasing evolution time. The T1
information, therefore, can be discovered from the exponential fitting curve of
magnetization corresponding to each evolution time.
Cross-polarization (CP): Another extremely powerful technique normally
chosen over single pulse in ssNMR experiments is called cross-polarization (CP)
(Figure 3-2). This experiment improves the sensitivity by enhancing polarization
and shortening repetition time of the dilute insensitive nuclei (like
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13C)

from

polarization transfer of abundant sensitive nuclei (like 1H). A more intense spectrum
can be obtained with much less time compared to a single pulse experiment. The
polarization of 1H is transferred to

13C

via dipolar coupling. It is achieved by

spin-locking both spins with RF amplitudes that fulfill the Hartmann-Hahn
condition:34

Usually, in order to obtain more efficient transfer, the ramped-amplitude CP or
Lee-Goldburg CP is used (Figure 3-2). In ramped CP, the power level of one channel
is ramped in a small region near the exact Hartmann-Hahn matching condition.35
LG-CP obtains the maximum transfer through the optimized frequency offset.36,37
This type of experiment is usually used to look for isotropic chemical shift
information.
The 2D version of the CP experiment (Figure 3-2) can be used to obtain the
carbon-proton correlation information. Since signal intensity of the dilute nuclei,
take carbon for instance, depends on the efficiency of the transfer, a stronger signal
can be acquired when the carbon have more protons nearby or a longer contact time
is applied. The distance between the carbon and proton, then, can be estimated by
the signal intensity change along the increment of the contact time.
Based on the typical chemical shift of each type of carbon, a rough assignment
can be done using the 13C-ramped/CP spectrum. The signal intensity depends on the
contact time between carbon and proton and the number of protons nearby. For
selectively labelled samples, only positions with isotopic labels will have strong
signals. This experiment provides information about the chemical shift of the nuclei
which helps to understand their local environments.
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Rotational Echo DOuble Resonance (REDOR): This is one of the most popular
methods used for heteronuclear distance measurement. The observation channel
usually uses a train of π pulses phased by XY4, XY8 or XY16 to suppress resonance
offset effects. The pulses are rotor synchronized with two pulses in each rotor
period. Although different recoupling pulse sequences are used in different versions
of REDOR (Figure 3-3), the method generally requires two experiments at each
condition. In the fully echoed experiment (S0), no RF dephasing pulse is applied, and
in the signal reduced experiment (S), pulse(s) on the third channel is applied to
manipulate the heteronuclear dipolar coupled spin. The signal intensity change
(ΔS=S0-S) between the two spectra can be plotted as a function of the effective
dephasing time, which is related to the dipolar coupling and hence the internuclear
distance. This is a quantitative or semi-quantitative distance determination method,
which can be used to determine a

13C-2H

distance of up to 6 angstrom and

13C-15N

distance of up to 5 angstrom.
Constant time finite pulse-Radio Frequency Driven Recoupling (CT-fpRFDR): In
this method the evolution periods in the well known WAHUHA static dipolar echo
sequence are inserted with a finite pulse RFDR sequence to refocus the chemical
shift evolution (Figure 3-4).34,38 The homonuclear dipole-dipole coupling
information, which is related to the distance, is re-introduced by the fpRFDR pulse
sequence while keeping the resolution from high-speed MAS (>14 kHz). If the
number of recoupling (180°) pulses M=N, the dipolar coupling is completely echoed,
and an imperfect echo exists when M≠N. When another

13C

is close by, the

13C -13C

dipolar coupling is inversely proportional to the distance between the two spins.
Therefore, the signal intensity changes corresponding to the dipole-dipole coupling
when the extend of the dipolar recoupling is re-introduced by moving the recoupling
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pulses between the 90° pulses as the values of M and N change while keeping the
overall effective time (determined by 4N+2M) constant. This method has been
widely used in amyloid fibril structure study, and has proven capable of measuring
13C-13C

distance of 5 angstrom for Aβ1-40 fibril.12

All NMR spectra were acquired on an 8.45 Tesla magnet with homebuilt double
and/or triple ssNMR probe. The 1H, 2H, 11B, and 13C frequencies were 357.200 MHz,
2H=54.8MHz,

114.602 MHz, and 89.821 MHz, respectively. A continuous wave of

about 100 kHz was applied for decoupling.
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CHAPTER 4
STRUCTURE DETERMINATION OF AMORPHOUS HYDROGENATED BORON
CARBIDES
Boron-rich carbides are found interest to scientists in different fields due to
their unique thermal, electrical, and mechanical properties. However, the molecular
structure and the mechanism of thin-film boron carbide formation remains a
question and inhibits our understanding and applications of this material.
In this chapter, the application of ssNMR techniques in combination with
elemental analysis, FT-IR, and ab inito calculations for structure determination of
two amorphous hydrogenated boron carbides, an intermediate “X” and a thin-film,
are discussed. Due to the fact that these two samples are both generated in the same
PECVD process, study of the by-product “X” is performed first because of it is
relatively easier to obtain compare to the thin-film. “X” can be used to investigate the
appropriate analytical methods, to learn the intermediate’s structure, to predict the
product structure, and to learn about the PECVD mechanism.
Well known ssNMR experiments such as direct excitation, CP, LG-CP, 1H-11B
correlation, and 13C-11B REDOR are applied in this project. At the end of this chapter,
a structure of the intermediate “X” is proposed. The same methods are used to study
the thin-film boron carbide, but no structure model has yet been proposed due to
the small quantity of sample and small percentage of isotope with NMR signal was
obtained.
In order to get sufficient signals for definitive results regarding “X” and the
thin-film boron carbides, a synthetic approach and purification method of the
isotopic labelled precursor compound, ortho-carborane, will also be discussed.
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4.1 Boron carbides
Boron-rich carbides are one of the most attractive materials that have been
proposed to have many exciting applications due to their unique chemical, thermal,
electrical, and mechanical properties. The first boron carbide was discovered as a
by-product in the early 19th century.39 This type of material is featured as one of the
hardest man-made materials, is very chemically inert, is very thermo stable (melting
point ~2600°C), is able to “self-heal” from neutron radiation damage, and contains a
high percentage of boron (B) which may be isotopically enriched with 10B to provide
a high neutron capture cross-section. Boron carbide can be used in tank armor and
bulletproof vests, but can also be used as p-type semiconductors for
direct-conversion solid-state neutron detectors, interlayer low-k dielectrics for
ultra-large-scale integrated circuits, and high-temperature thermoelectric power
converters.40-43
Generally speaking, boron carbides refer to a group of boron-carbon materials
represented by the empirical approximate chemical formula as B4C. The molecular
structure model of non-hydrogenated crystalline boron-rich carbides (Figure 4-1)
suggests that real boron carbide samples are not necessarily composed of exact
boron to carbon ratio of 4:1, leading to complexity in resolving the molecular
structure. This structure contains the α-rhombohedra boron lattice, with
twelve-vertex icosahedra at the vertices of rhombohedra, and a three-atom chain
running along the crystallographic c axis in the unit cell.44-46 Generally speaking, the
stoichiometry of crystalline BxC can range from B4.3C to B11.2C, all of which can keep
the same phase. At the carbon-rich limit (B4.3C), the dominant atomic distribution
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consists of B11C icosahedra and C–B–C chains; as the relative boron content
increases, carbon atoms are systematically displaced. 45,46
Much of the work has been done assumes the physical structure of boron
carbides as an extended molecular network of covalently bound icosahedral
cages.44,47,48 In order to understand and optimize the preferred properties of this
type of materials, different methods have been employed in synthesizing boron-rich
carbides.49-51 Among a wide variety of methods, plasma enhanced chemical vapor
deposition, also called PECVD, is believed one of the most reliable ways used to
make boron-rich carbides. This method can produce hydrogenated boron carbide
(BxC:Hy) films with a relative narrow range of BxC stoichiometry (with x = 2~5).51-55
Studies have suggested that differences in stoichiometry, short-range physical
structure, as well as intermediate and long-range physical order, lead to variations
in the mechanical characteristics, electronic structures, and electrical carrier
transport properties of BxC films.52,56,57 A clear understanding of BxC molecular
structure can not only help to build the relationship between the molecular
structure and properties, but also contribute to our knowledge of plasma chemistry
and film-growth mechanisms, which can be applied in producing thin-film boron
carbides materials with specific properties.58
The ultimate goal of this project is to understand the ortho-carborane plasma
chemistry, film-growth mechanisms, and post-growth thermal treatment effects as
they relate to the mechanical characteristics, electronic structure, and electrical
carrier transport properties of thin-film BxC:Hy. However, considering the difficulties
associated with the preparation of enough thin-film material to fill the NMR rotor for
the best signal, the intermediate product, called “X”, was studied. The study of local
physical structure of an intermediate will help the understanding the PECVD
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fabrication process, as well as validate methods for thin-film structure
determination.
Solid-state NMR methods are used as the major tool in molecular structure
determination of hydrogenated boron carbides for many reasons: First, they can
provide structural information to the atomic level regardless of the amorphousness
of the sample; Second, two out of three of the major components, boron and
hydrogen, contain a high percentage of NMR active nuclei (11B ~80% and 1H
~100%). In this project, both 1D and 2D

11B

/13C /1H-NMR are applied. The

experimental data are compared to the theoretical results from ab initio calculations
to generate a structural model.
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4.2 Preparation of thin-film boron carbides
An amorphous hydrogenated boron carbide thin-film was made by applying the
PECVD method to the sublimed vapor of single-source precursor ortho-carborane
(C2B10H12) (Figure 4-2). Natural abundance ortho-carborane is chemically available
and used in the thin-film fabrication.
The thin-film was formed in a high vacuum chamber (Figure 4-3), in which the
gaseous reactant, ortho-carborane, was introduced into Ar+/e- plasma. In this
process, the high power plasma may break the closed cage icosahedra into
open-cage fragments, then, subsequently, the fragments may reconnect through a
single bond or through inter-icosahedral groups, like the C-B-C chain in
dehydrogenated BxC, or the reassembly of atoms or fragments into icosahedra-based
phases, or other low-total-energy configurations during deposition.
Only a small part of the powder sample that is introduced to the vacuum
chamber through the showerhead can reach and deposit on the rotating substrate
(silicon or aluminum) to form a thin-film. The rest of the powder may fall back on
the showerhead due to gravity or get sucked out of the vacuum chamber by the
vacuum pump.
The intermediate “X”, was prepared when making the thin-film boron carbide
by carrying the vaporized freshly sublimed ortho-carborane under 200mTorr argon
background to the reactor with the heating temperature of the rotating substrate for
thin-film deposition set to 350 °C. The homogenous off-white powder deposited on
the periphery of the main plasma reaction.56
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4.3 Methods used for structure determination
Several methods were combined to provide enough information for the physical
structure determination.
The chemical composition of “X” was determined first by combining the results
from x-ray photoemission spectroscopy (XPS)59 and elemental analysis, which
include combustion and inductively coupled plasma (ICP) analysis.60 The molecular
formula of “X” was determined based on the quantitative determination of B, C, and
H.
Fourier transform infrared (FT-IR) spectroscopy was used to obtain the
structural change of “X” compared to the precursor ortho-carborane. The spectrum
of decaborane was used to obtain a sense of FT-IR character when this type of
opened cage structure exists in “X”.61,62 All FT-IR spectra were taken under normal
atmosphere at room temperature using Thermo Scientific Nicolet is10 spectrometer
with Smart iTR attenuated total reflectance sampling accessory, on which the solid
powder sample was directly observed.
MAS-NMR methods were used as the major tool for atomic level molecular
structure determination. (Figure 4-4) The classical direct

13C/11B

excitation

experiment and 13C/11B -1H cross polarization experiment were employed for basic
isotropic chemical shift information.63,64 To investigate the connection and distance
between

proton

to

the

observed

carbon

or

boron,

2D

Lee-Goldburg

cross-polarization (LG-CP) experiment were performed with increasing transfer
time. 36,37,65 11B T1 was determined using saturation recovery technique, while 13C T1
was obtained through cross-polarization from nearby protons.66
was estimated by 11B-13C REDOR experiment.15,67,68

50

11B-13C

distance

In addition to the experimental analysis, ab initio calculations were also
performed using density functional theory (DFT), basis set B3LYP/6-31G(d,p), and
the Gauge independent atomic orbital (GIAO) method to estimate the theoretical
chemical shielding tensor of 13C, 11B, 1H for a series of ortho-carborane based model
compounds.69,70 (Results listed in Appendix I)
Chemical shift references were calculated using the same parameters.
Comparison model compounds were tetramethylsilane (TMS) for carbon and proton,
and BF3·OEt2 for boron. Electric field gradient (EFG) tensors were also calculated to
determine quadruple coupling constant (Q

eQσ /h) and line shape asymmetry

parameter (η).71 Results from theoretical calculation were compared with the
experimental data to propose a structural model. (See Appendix I)
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4.4 Results and discussion
The chemical composition of was proposed using the results from XPS using a
Kratos Axis HS and elemental analysis performed by Columbia Analytical Services.
Results from XPS indicates a molecular formula of B2.7:C:N0.06:O0.5. However, the
carbon ratio may be overestimated due to adventitious surface carbon, and the
amount of hydrogen in “X” is not able to be quantified due to methodological
constraints. A slightly different molecular formula of B3.6:C:H6.0:N0.1:O1.8 was
obtained based on data from elemental analysis. Still, due to methodological
limitations, the percentage of B, C, H, and N can be determined by experimental
measurement, the ratio of oxygen was determined by considering the weight change
after combustion, which may easily be overestimated. Considering the error in each
method, “X” contains boron and carbon of an overall ratio in the range of 2.7~3.6
with a considerable amount of hydrogen and oxygen.
The FT-IR spectrum for powder of “X” was acquired under the same
experimental conditions as that for ortho-carborane and decaborane (Figure 4-5). In
all three spectra the peaks at 2578 cm-1 can be assigned to B-H stretching modes.
The peak at 3068 cm-1 represents the C-H stretching which is expected to disappear
in decaborane. The strong peak of B-H and C-H is consistent with a significant
amount of hydrogenated icosahedral species. A distinctive broad peak for “X” at
~3230 cm-1 and ~1460 cm-1 is characterized as the O-H stretching vibration and B-O
stretching mode which support the presence of oxygen in B2O3 and H2O related
forms. The rich spectral features below 1700 cm–1 contains information from B-B
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and/or B-C which is too complicated to identify and need further study for
determination.61,62,72-74
All of MAS ssNMR experiments for “X” were performed with same parameters,
such as observation frequency (1H=357.2 MHz, 11B=114.602 MHz, 13C =89.821 MHz),
as the direct-excitation experiments taken for the measurement standard and
chemical shift reference. 13C and 1H spectra were referenced using adamantane with
a 13C peak at 29.5 ppm and 1H at 1.76 ppm (Figure 4-6), while ortho-carborane was
used to reference 11B spectra with peak at -2.5ppm (Figure 4-7).
Comparing the spectrum from the

13C

direct-excitation experiment for the

precursor ortho-carborane (Figure 4-8) and “X” (Figure 4-9(a)), both display a
strong peak at 57ppm, but with the line width broadening of about 10 times. The
line broadening is likely due to the loss of motion of “X” compared with the
solution-like fast rotational motion of ortho-carborane. Another notable fact is the
peak at ~110 ppm exists in both spectra. This peak is assigned as the NMR rotor
background by taking the spectrum of an empty rotor without any sample.
Very different from ortho-carborane, the direct-excitated
contains new peaks at 12 ppm and 0 ppm, with

13C

13C

spectrum of “X”

T1 relaxation times of 26 ± 7 s

and 30 ± 7 s relative to 29 ± 4 s for that of 57 ppm. It suggests that the carbon atoms
in “X” existing at least three different chemical environments. The 1H-13C CP
experiment was performed to further confirm this idea with enhanced signal (Figure
4-9 (b)). It also indicates all carbons have a proton nearby (≤ 3–4 Å) for “X” due to
the existence of all three peaks in the spectrum. The relative amounts of each type of
carbon atom were calculated semi-quantitatively by integrating each peak area. The
integration result for peak ~57 ppm indicates that 61 ± 8% of carbons in “X” are in a
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similar environment same as in that of the icosahedral carbons of ortho-carborane.
About 39 ± 6% of carbons are in a different chemical environment.
The direct-excitation 11B ssNMR spectrum and 1H-11B CP spectrum for “X” both
have one broad peak at -16 ppm with a full-width at half-maximum (FWHM) of ~30
and ~20 ppm, respectively (Figure 4-10, top). The broadness of the boron peak may
result from a fast T2 mechanism or significant chemical shift heterogeneity because
of very different B environments, or both. The similarity of the two spectra indicates
that the majority of the boron atoms have nearby proton(s). In order to estimate the
percentage of protonated boron, a difference spectrum between the normalized
direct-excitation spectrum to the CP spectrum was also plotted in Figure 4-10
(bottom), which exhibits a relatively larger peak at 5 ppm and a relative smaller
peak at -25 ppm. The peak intensity difference of the two remaining peaks suggests
the signal contributed from nonprotonated B atoms with an average chemical shift
further downfield compared to the protonated B atoms. The two sharp features, at 2
and 14 ppm, on the left shoulder of the direct-excitation spectrum are evidence of
the presence of a compound with second-order quadrupolar line shape. This line
feature can be explained by second order quadrupole line shape. In combination
with the O-H and B-O band found in FT-IR spectra of “X” and the fact that boron
compounds can be easily oxidized, a B2O3 or H3BO3 type component is proposed to
be present in “X”.
1H-13C

LG-CP buildup curves from plotting the data with different contact times

provide information about the distance from proton to the corresponding carbon
with chemical shift of 57, 12, and 0 ppm (Figure 4-11: (a), (b), and (c)). The non-zero
signal at short contact times for all three plots indicates that the associated C atoms
are close to a proton. The curve for the signal at 57 ppm is consistent with that of a
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CHn group. The flat curve for the peak at 12 ppm may indicate no direct bonded
proton on the corresponding carbon. The curve generated from carbon at 0 ppm
may have a proton closer than that of carbon at 12 ppm, but because of the limited
signal-to-noise ratio observed in LG-CP experiments for “X”, these two peaks cannot
be assigned with strong support.
The fast signal increase and decay from 1H-11B LG-CP buildup curve (Figure
4-11 (d)) of boron at -16 ppm suggests direct H-B bonding, which is also supported
by the assumption that most of the boron atoms are protonated based on the
direct-excitation and CP experiment of
1H-11B

11B.

This idea is further confirmed by the

2D spectrum (Figure 4-11 (e)), which contains only one dominant 1H-11B

correlation peak centered at 2~3ppm for proton and -15~20 ppm for boron.
From REDOR spectra (Figure 4-12) of different effective dipolar recoupling
times, dephasing curves can be plotted to provide information about C-B distances
for each type of carbon atoms.
Evaluating the dephasing curves, the peak at 57 ppm presents the largest signal
intensity difference between the control (S0) and the dephased (S), which
corresponds to the direct C-B bond. The fast dephasing also indicates one or more B
atoms connected to the associated C, which also suggests the carbons at 57 ppm
have relatively shorter T2 relaxation time. The peaks at 12 and 0 ppm do not have
obvious difference of S0-to-S, and suggests no boron is directly bound to the carbon.
The slow trend of dephasing can be explained by fewer B atoms near the C and a
longer T2 relaxation time. The dephasing curve corresponding to the peak at 12 ppm
appears flatter than that corresponding to peak at 0 ppm, but the large error should
be considered when making this conclusion because of the weak signal intensity.
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The peak corresponding to carbon at 0 ppm with moderate REDOR dephasing
indicates an intermediate T2.
Combining all ssNMR results, the intermediate “X” is proposed to contain the
same icosahedral structure as in ortho-carborane and at least two very different
carbon environments as the result of fragmentation. One type of carbon atom
outside the cage may be within one bond distance from the nearest boron atom, the
other is further away from the nearby boron. All three carbons are within three
bonds distance to a proton atom.
To generate a structural model, further study is needed. On one hand, the
theoretical calculation/simulation in conjunction with the experimental data can be
used to generate clear model of “X”. On the other hand, a sample with higher ratio of
NMR active isotopes is needed to increase signal intensity that can show a more
definitive trend. For instance, the C-C networks will be detectable then.
Using the information from experimental analysis and theoretical predication, a
series of proposed ortho-carborane based structures that might exist in “X” (Figure
4-13) were generated for ab initio calculations. The geometries of these model
compounds were optimized using DFT at the B3LYP/6-31G (d, p) level of theory
with tight convergence criteria. Then NMR and EFG calculations were done using the
GIAO method at the B3LYP/6-31G(d,p) level (again with tight convergence criteria).
Details about the calculation can be found in Appendix I.
In Figure 4-13, compounds 1a, 1b, and 1c correspond to ortho-, meta-, and
para-carborane were taken as the standard compound to confirm the accuracy of
the calculation results. The calculated results are consistent with the experimental
results. Model compounds 2a, 2b, 2c, 2d, and 2e attach a CH 3 group on each of the
five chemically distinctive positions of the ortho-carborane icosahedron. Compounds
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2f, 2g and 2h, 2f attached with either a terminal hydrocarbon (CnH2n+1, n = 2) or a
borane (BnHn+1, n = 2) groups at C1 or B3 position. The third and fourth groups of
model compounds are known open-cage energetically stable ortho-carborane
fragments with 11-vertexnido (3a–f) and 10-vertexarachno (4a–e) (car)borane
fragments containing zero, one, or two C atoms. Group-5 contains compounds with
two directly connected icosahedra bound to each other through either B–B (5a), C–C
(5b), or C–B (5c) bonds. Compounds of group-6 are indirectly bound di-icosahedral
structures connected through either CH2 or BH. Compound 7 has three icosahedra
bound to each other through a CH group. The Group-8 compounds have the two
icosahedra bound through CH2CH2 or BHBH chain at the C1 (8b and 8d) or B3 (8a
and 8c) positions. The last group have a three-atom chain (BH)3 (9a) or CH2BHCH2
(9b) connecting two icosahedra at the B3 or B9 positions.
The calculated

13C, 11B,

and 1H chemical shifts of all the model compounds are

listed in Table I-I in Appendix I. Comparing the experimental data with the
calculated chemical shift, we expect an error within 2 ppm for 13C and 4 ppm for 11B.
For instance, the calculated values of ortho-carborane for the four chemically
nonequivalent B environments are –18.7, –16.8, –11.6, and –4.0 ppm, and the
experimental results are –14.4, –13.4, –9.3, and –2.5 ppm respectively. The more
upfield shifts at –18.7 (–14.4) and –16.8 (–13.4) ppm correspond to B atoms bound
to intraicosahedral C atoms. These B chemical shifts are in the range of –20~5 ppm
with small variations, when the icosahedrons are bound to other groups at other
positions. When an icosahedral B atom is bound directly to another icosahedra
rather than a proton, the 11B is shifted slightly downfield (by 4 ppm in 5a and 7 ppm
in 5c) relative to that in ortho-carborane. A downfield shift of ~ 9 ppm (2b–2f) or ~
6 ppm (2h and 6c) results when the icosahedral B is bound to an extraicosahedral
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hydrocarbon or borane group. Compared with the 11B ssNMR spectra, B signals from
open-cage or extraicosahedral terminal or bridging borane structures, ranged from
70 to 110 and -30 to -50 ppm, are unlikely to represent in “X”.
The calculated results for 13C shifts indicate greater sensitivity compared to that
of

11B.

When the icosahedral carbons are indirectly connected with the functional

groups, theoretical 13C shifts vary in a range between 47 to 60 ppm. A change of 13C
shifts may be noticed even if the relative positions of carbons within of the
icosahedrons changed (from ortho- to meta- or para- geometry). If the icosahedral C
atom is directly connected with another icosahedra (5b) or terminal/bridging
hydrocarbon or borane groups (6b, 6d) the predicted chemical shift moves
downfield (~ 75 ppm) compared to 57 ppm as the icosahedral carbon in
ortho-carborane. Therefore, the icosahedra should be interconnected through
vertices borons rather than carbons. Carbon atoms in the open-cage structure are
more dependent on the chemical environment than the closed-cage icosahedra, with
the chemical shift ranging from 16.9 to 132.7 ppm (2a-f and 4c-e). Terminal CH3
groups are in the range of 1 to 3 ppm when bound to a icosahedral B (2b-e) and 26.3
ppm when bound to icosahedral C (2a). Terminal CH2CH3 groups having methylene
at 9.3 and methyl at 13.3 ppm when bound to icosahedral B (2f) and 32.8 and 12.8
ppm when bound to icosahedral C (2g). The bridging carbon has calculated chemical
shift of 4.4 ppm when connecting two icosahedra (6a) and 3.6 ppm when connecting
three icosahedra (7) on vertices B. On the other hand, the predicted

13C

shift of

bridging carbon bound to two icosahedra on the vertices C atoms is 46.4 ppm (6b).
Theoretical 1H shifts of proton directly bound to intraicosahedra boron atoms
are predicted to be between 1.9 and 3.3 ppm. The B-H-B bridging protons in the
open-cage structures are notably upfield shifted to a range of –4.5 and –2.4 ppm. The
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predicted proton shifts for terminal and bridging borane Hs are in the range of 6~11
ppm (3b, 3c, 3e, and 3f). Compared to the results from ssNMR spectrum, the
predictions also indicate that no open-cage structures are in “X”.
Finally, the quadrupolar coupling constants (Qcc) and line shape asymmetry
parameters (η) for ortho-carborane derivatives are calculated using GIAO method.
These parameters are used then to simulate

11B

spectra and compared to the

experimental ssNMR for sample value approximations. The calculated results of Qcc
and η (Table I-II in Appendix I) suggest that extraicosahedral borane is expected to
have a large Qcc (4.5 ~ 5 MHz), while the Qcc for intraicosahedra borane is predicted
to have a range between 1.1 - 1.6 MHz with very small perturbation when bound to
B or C instead of H. The Qcc decreases when the open-cage derivatives are
increasingly charged. For instance, Qcc values are in the range of 0 to 0.9 MHz for 3a
(-3 charged) and 0.6 - 1.2 MHz for 3e (-1 charged).

11B

spectra (Figure 4-14)with

different Gaussian T2 line broadening, Qcc, and η parameters, listed in Table 4-1, are
simulated using the QuadFit program.75
The Qcc and η of “X” were determined by matching the simulated spectra with
the experimental spectrum. According to the simulation, a spectrum with much
greater line width than the real

11B

ssNMR indicates that the Qcc of “X” should be a

value smaller than 2 MHz. The second order quadrupolar line shape feature may be
eliminated by larger amount of line-broadening (as in e, f, and g).
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Table 4-1 A series of Qcc and η values used in 11B spectra simulation

b
c

Qcc (MHz)
4
3

η
0.15
0.15

d
e
f
g

2
1.75
1.3
1.05

0.15
0.3
0.6
0.1
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4.5 Conclusion and future work
A model structure of the PECVD intermediate “X” (Figure 4-15) is proposed
from all of the experimental results in combination with the theoretical calculations.
In this model, three types of carbons, intra-icosahedral C, CH 2, and CH3 and one type
of B (intra-icosahedral B). The icosahedral cages are interconnected through
methylene group through vertices B. The 57, 12, and 0 ppm peaks in

13C

ssNMR

spectra can be assigned as intra-icosahedral C atoms, the C of a terminal methyl
group, and C atoms in cross-linked icosahedra or bridging hydrocarbon.
Methods developed and validated by the intermediate study have also been
applied to study the local structure of the BxC thin-film. The 13C direct excitation and
CP spectra (Figure 4-16) and

11B

spectrum (Figure 4-17) of the thin-film boron

carbide are very different from the intermediate “X”, which indicates a structure
difference between these products. However, no clear information about the
correlation and the connectivity has been obtained due to small quantity and low
percentage of isotopically enriched thin-film sample generated from the natural
abundance

precursor

ortho-carborane.

Therefore,

isotropically

labelled

ortho-carborane precursor should be used in the PECVD process to make samples
with stronger signal, which can provide more definitive result within a relatively
short experimental time.
Since carbon is more informative but only contains 1% of NMR active isotope,
13C,

the preparation of

13C

labelled thin-film boron carbide is proposed of great

importance for further study. This sample can not only improve the signal intensity
of 13C and 13C-11B REDOR spectra, it also makes the application of 13C-13C correlation
experiment possible.
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The synthetic approach of

13C

labelled ortho-carbonrane (13C2B10H12) is

described in scheme 1 (Figure 4-18).76,77
Three steps are needed to make 13C2B10H12: 1). Prepare Ca13C2 by 13C enriched C
and Ca elements using ball mill. 2). Produce

13C

2H2

by adding water drop-by-drop

into Ca13C2 . 3). Mix acetylene into decaborane solution. To confirm the experimental
design, optimize the reaction conditions, and establish a purification procedure, the
natural abundant chemicals were used first, following the same process that will be
used for the isotopic labelled sample preparation.
CaC2 can be synthesized by mixing the element Ca and C stoichiometrically over
high energy milling. Elemental calcium and carbon are both commercially available.
A mixture of Ca and C (1.25 g, 31.25 mmol and 0.75 g , 62.5 mmol respectively ) was
weighted and loaded 80 ml milling vial with four 4 mm stainless steel balls in an N2
gas protected glove box before loading it on the high energy ball mill for 24 hours.
Reactants were milled in 60 min increment with 60 min of cooling between each
increment. The crude product from ball milling can be used directly in the next step
since the excess reactant does not react in the next step to generate a gaseous by
product.
Synthesis of acetylene (C2H2) can be obtained by adding water into CaC2. The
reaction speed was controled by adding water dropwise and putting the reaction
flask into a cold water bath so that the majority of the water vapor can be kept in the
reaction flask and not mix with acetylene. A large excess of water was used until no
bubbles were generated upon water addition, which can be considered as the sign of
the completion of the reaction. The acetylene gas was then collected in a dry gas
generator kept in liquid nitrogen. The yield of acetylene can be estimated by quickly
weighing the frozen C2H2.
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In the last step of the ortho-carborane production, the solid acetylene was
slowly warmed up in salt ice water bath (~20 ˚C) to avoid water contamination. The
C2H2 gas was then slowly bubbled into a three neck round bottom flask and
circulated through the N2 gas protected mixture of decaborane (0.3 g, 2.5 mmol)
with

toluene

(10

ml)

/ionic

liquid

BmimCl

(0.2

g

,

1.2

mmol,

1-butyl-3-methylimidazolium chloride, vacuum dried at 75˚C for 8hr) biphase
solution. The mixture was reflected overnight at 110 ~120˚C. The product was
extracted with toluene, and then hexanes. NMR spectrum (Figure 4-19) of crude
product suggested that the reaction was successful with a yield above 80%.
The crude product was purified by placing in water at ~45 ˚C overnight to
remove impurities, including the remaining decaborane and by-product, B(OH)3
(Figure 4-20).78 The strong peaks at –14.4, –13.4, –9.3, and –2.5 ppm, belong to
ortho-carborane, suggest the good yield of this synthesis. The peak at 20 ppm is
likely due to the formation of B(OH)3.
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Figure 4-1
4 Schemaatic crystal structure of
o B4C

Figurre 4-2 Moleecular struccture of orttho-carboraane (C2B10H12)
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Figure 4-3 Schematic presentation of instrument for PECVD
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Figure 4-5 FT-IR spectra of (a) ortho-carborane, (b) decaborane,
and (c) intermediate X.
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Figure 4-6 ssNMR spectra of adamantan
ne: 13C (top
p) and 1H (b
bottom)
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Figure 4-7 11B ssNMR spectrum of ortho-carborane

Figure 4-8 13C ssNMR of ortho-carborane: line width ~2 ppm
for the peak at 57 ppm
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Figure 4-9 13C ssNMR: Direct excitation (a) and 1H-13C CP (b) NMR of “X”
(line width ~20 ppm of peak at 57 ppm).

70

Figure 4-10 11B ssNMR direct-excitations (solid line, top) and
1H-11B

CP (dashed line); Bottom: difference of the above two

spectra.
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Figure 4-11 1H–13C LG-CP buildup curves for the 13C peaks at 57(a),
12( b), and 0 (c) ppm, respectively; 1H–11B LG–CP buildup curve for
the 11B peak at –16 ppm (d); and 2D 1H–11B CP spectrum (e) of “X”.
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Figure 4-12 13C–11B REDOR ssNMR spectra of effective time=0.2, 0.4, 0.8, and
1.6 ms (a); REDOR dephasing curves of peaks at 57 (b); 12 (c);and 0 (d) ppm:
Control (S0, black) and dephased (S, red).
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Figurre 4-13 Opttimized possible strucctures of PE
ECVD prod
ducts.
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F
Figure
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Fiigure 4-17 11B ssNMR
R spectra off Thin-film boron carb
bide.
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Figure 4-18 Scheme 1: synthesis of labelled ortho-carborane
from Ca and 13C element.

Figure 4-19 Solution 11B NMR of ortho-carbonrane synthesis product.
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Figure 4-20 Solution 11B NMR of ortho-carbonrane synthesis product
after purification.
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CHAPTER 5
STRUCTURE DETERMINATION OF BETA-2 MICROGLOBULIN PROTEIN FRAGMENTS
Proteins that commonly exist in the human body and are critical for life
activities sometimes can be harmful. Many proteins have been shown to form
aggregates in the human body which are considered closely related to many
diseases. Amyloid fibrils are a group of protein aggregates contain beta sheet
structural properties even though they are composed by very different amino acid
sequences. The structure of amyloid fibril is of great importance for scientists to
understand the fibril forming process and mechanism and to provide more
information for studies of other protein aggregation products.
Out of many proteins that are found to form amyloid fibrils, β2 microglobulin
(β2m) is considered one of the most interesting since this protein widely exists
throughout the human body. β2m is a key component to maintain the human
immune system and it is ideal for study because it is a relatively small protein. The
β2m fibrillar aggregates are found in the kidneys and joints of dialysis related
amyloidosis (DRA) patients.
In order to obtain the insight of β2m fibrillization process, the fibrillized
aggregates of β2m protein fragment K3 (fragment contains 22 amino acids at the
middle portion of β2m) and CT (composes the 28 amino acids at the C-terminal of
β2m) are studied in this project. These two proteins were proven to form fibril
structures and proposed to play the important role of driving the entire β2m protein
to become fibrillar. Compared to the full length protein, the fragments are
chemically convenient for synthesis. As the goal of this project is to determine the
fibril structure of these two fragments, the single site specific isotopic labeling
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scheme is used to prepare the samples for ssNMR study. Homonuclear distance of
the labeled isotope can be used to determine the configuration of the β sheet. A
parallel β sheet structure corresponds to a homonuclear distance of about 5
angstrom, while the anti-parallel β sheet structure corresponds to a homonuclear
distance that is too far to be measured. Once their fibril formations are confirmed by
UV-Vis, fluorescence, and AFM/TEM, homonuclear carbon distance measurement
(CTfpRFDR) is used to prove the in-register parallel sheet structure for both K3 and
CT.
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5.1 Proteins and protein structure (folding/misfolding)
Proteins, normally containing a sequence of amino acids that connected
through carboxyl and amino groups of two neighboring amino acid residues, are the
fundamental component of cells, tissues, and organs in human body. Generally, the
genetic code specifies 20 standard L-α-amino acids, which have the center α carbon
attached to a carboxylate group (R), an amino group and a specific substituent group
that defines the amino acid (Figure 5-1). These amino acids are grouped together,
according to their properties, as nucleophilic (Ser, Thr, Cys), hydrophobic (Val, Leu,
Ile, Met, Pro), acidic (Asp, Glu), basic (His, Lys, Arg), aromatic (Phe, Tyr, Trp), amide
(Asn, Gln), and small (Gly, Ala) amino acids.79,80
Proteins that have different sizes and amino acid sequences may have distinct
properties. Each protein has its unique amino acid sequence that is defined by the
nucleotide sequence of the corresponding gene. The process of protein synthesis,
generally involves transcription of a deoxyribonucleic acid, called DNA, strand to
messenger ribonucleic acid (RNA) and translation of mRNA to form the protein.
DNA contains the genetic information with a specifically ordered nucleotides
sequence made up by adenine (A), thymine (T), guanine (G), and cytosine (C),
which can be paired up with RNA nucleotide A, C, G, uridine (U) during the
transcription process (Figure 5-2). The RNA transfers DNA information following
the pairing role that allows only corresponding nucleotides pairing, for instance,
A-U, C-G, A-T, happen. Then, the RNA, called messenger RNA (mRNA) in this case,
translates the genetic information into the form of protein by picking the correct
amino acids according to the codon group to produce the correct proteins.80,81
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When the protein sequence is generated, it will form specific structures
depending on the surrounding conditions. Generally speaking, the protein structure
is described with four levels: primary, secondary, tertiary, and quaternary (Figure
5-4).82 The primary structure is defined by the amino acid sequence. The secondary
structures refer to the β-sheet and the α-helix which are defined by patterns of
hydrogen bonds formed by the main-chain peptide groups. There are two types of
β-sheet. One type is called parallel β-sheet, which is formed by two peptide strands
in the same direction. The other type, called antiparallel β-sheet, is characterized by
having the two peptide strands running in opposite directions (Figure 5-3). The
tertiary structure refers to the three-dimensional structure of a single protein, and
the quaternary structure refers to the assembly of several proteins. 80,82,83
It is believed that a protein can typically fold immediately after synthesis to
obtain a stable structure. An unfolded protein that lacks of secondary structure is
called random coil, while a folded protein obtains an ordered three-dimensional
structure. The process of losing ordered protein structure to be random coil is called
denaturing. The process of protein folding and/or unfolding is normally reversible.
However, misfolding is not necessarily reversible, or likely to be irreversible. And
misfolded proteins are believed to be the reason for many diseases.80,84
Many studies on protein structure and dynamics suggested that proteins tend
to fold into a stable three-dimensional structures right after the formation of the
polypeptide chain based on both the internal and the external interactions. These
interactions, including hydrogen bonding, disulfide bridging, van der Waals force,
aromatic stacking, and hydrophobic effect, are determined both by the type of amino
acids that formed the protein and the solvent in which the protein is folding. The
rate is largely dependent on the native conformation of the protein’s primary
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structure, the peptide sequence. Other factors, such as solvent, salt concentration,
pH, temperature, and the other proteins in the system, also affect the formation of
three-dimensional structures.84-87 Therefore, it is possible that proteins with
different primary structure may adapt into same secondary and tertiary structures,
while the protein, with same primary structure, may fold into different
three-dimensional structures in different environments.88
The actual three-dimensional structures are believed to determine the chemical
and physical characteristics of the proteins.86,89,90 This is suggested by the fact that
some proteins with different amino acid sequences may act like the they are
identical due to the formation of the same three-dimensional structure. On the other
hand, when the structure changes the protein’s stability, reactivity, and functionality
may be different. Therefore, understanding the three-dimensional structure of
proteins is a critical step towards learning the biological activity of proteins.
Generally speaking, proteins need to fold into the right three-dimensional
structure in order to perform the right functions. A misfolded protein may act very
differently compared to the correctly folded protein. Even though the folded and
misfolded proteins can co-exist in natural environment, the accumulation of
misfolded protein may lead to problems. Amyloids, which are defined as proteins
that contain cross β-strands that are perpendicular to their long fibril axis, are
formed when misfolded soluble proteins accumulate into insoluble aggregates. They
are believed to be related with a group of over 20 diseases called “amyloid diseases,
including Alzheimer’s, Parkinson’s, Huntington’s, type II diabetes, systemic
amyloidosis, and the Prion diseases. Inside of the patient’s body, one or more organs
are found to have deposits of fibrous amyloid. Based on the results of studies have
been done around the causes and the process of protein fibrillization, scientists
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believe that certain organs may mis-function when large amount of fibrillar
aggregates are deposited in it.86,91-94
Normally, protein folding and unfolding processes establish dynamic
equilibrium, but under some conditions the protein may convert from the soluble
forms into the highly ordered fibril. Various structural studies on β2m and other
amyloid proteins have suggested that the loss of balance between the natively folded
protein and unfolded protein is the key of misfolding.95 Therefore, scientists
proposed that understanding the misfolded protein structure is the critical step in
learning about the cause and the process of the protein aggregation. Knowing the
three-dimensional structure of proteins is a critical step of learning the fibrillization
pathology of amyloid and the misfolding mechanism. That information can be used
to manipulate the protein structure change to prevent misfolding or even cure the
associated diseases.96,97
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5.2 Beta-2 microglobulin and the important fragments
Beta-2 microglobulin (β2m) is a protein that commonly exists on the surface of
most nucleated cells, in synovial fluid, serum, and urine throughout human body.
β2m is a important component of the class I major histocompatibility complex (MHC
1) (Figure 5-5).98,99 Normally, β2m can be eliminated bythe kidney after degradation
from MHC 1. The concentration of β2m keeps increasing when the elimination
function fails. Thus, it is proposed to be an appropriate target to be used in detecting
tumor cells in blood and kidney as an important immunoglobulin, and has been used
to evaluate dialysis-related amyloidosis (DRA) as this protein has been discovered to
aggregate into fibrils that deposit in joint spaces of patients undergoing long-term
hemodialysis.100-102
β2m consists of long single chain with 99 amino acids (Figure 5-6) weighted
around 11.8kDa. This protein is a great candidate for study to understand the
formation of amyloid fibrils and associated diseases because of its wide existence,
clinical importance and suitable size.103
Like other amyloid proteins, in the native state of β2m, it folds into a soluble
structure under normal conditions. The wild-type β2m folds into the classical
β-sandwich structure which can be determined by solution NMR methods since it is
soluble. It has been found that folded β2m monomer contains seven anti-parallel
β-strands (Figure 5-7).104,105 This structure is believed to be stabilized by an
intra-strand disulfide bridge.
The solubility of β2m aggregates decrease with the increasing size. Therefore,
solid-state NMR is the most suitable method which can be used to obtain the

86

detailed molecular structure of the insoluble and non-crystalline fibrillar aggregates
at the atomic level.
According to the study done by Mirela et. al., β2m was partially folded prior to
the formation of amyloid fibrils which suggests that the β2m fragments, not the
entire protein, induce this aggregation.92,103 Thus, many β2m fragments have been
used to learn about the fibril formation. Among all of the selected targets, two
fragements: K3 and CT, are believed to be the most likely candidates for initiating
the fibrillization. These fragments can quickly form fibrils when they are chopped off
from the whole protein.
K3, comprising the 22-residue start from Ser20 to Lys41, was obtained by
digestion of β2m. Out of other selected fragments by Goto’s group, K3 has been
considered as one of the most important fragments of β2m for amyloid fibrillization
study because it is found to form fibrils in a wide range of pH and solvent conditions
in vitro spontaneously. The fibril structure of K3 (Figure 5-8) was first resolved in
Goto’s group in 2006 via solid-state NMR methods in combination with atomic force
microscopy (AFM) and x-ray diffraction (XRD) method. Based on the study, the
overall structure of K3 fibril is proposed to contain parallel assembled K3 monomers,
in which exist two β-sheets, one between Asn21 and Ser28, the other between Ser33
and Lys40.91
CT, refers to the C terminal of β2m, it is composed of the last 28 amino acids in
the chain, from Pro72 to Met99. This fragment encompasses the two β-strands at the
C-terminal in the full-length folded β2m. This fragment was suggested to play a very
important role during β2m fibrillization since applying the antibody against this part
of the protein prohibits the fibril formation and this part is released in partially
unfolded β2m.103
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The ultimate goal of this project is to determine molecular structure of both the
fibrillar fragment proteins, K3 and CT and the full length β2m. However, due to the
difficulty of full length β2m preparation and the fact that the 3D K3 fibril structure
was solved

91

while we were investigating the optimal fibril conditions for the two

fragments we paid more attention to the CT fragment in this project.
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5.3 Experiment and result
Selectively labelled proteins were synthesized using solid phase peptide
synthesizer. Their fibrillization condition and the fibril formation were evaluated by
UV-Vis, Florescence, AFM, and/or TEM as detailed in my group mate Mei Zhu’s
thesis.106 The structures of the two fibril samples have been confirmed by the
sophisticated distance measurement method using solid-state NMR.
Preparation of K3 (N.A. MW= 2497 g/mol): Both natural abundance and
selectively labelled K3 (SNFLN CYVSG FHPSD IE(V-13C-1)DL LK) proteins were
synthesized automatically using PerSeptive Biosystems: Pioneer continuous flow
Peptide Synthesis System, with a yield of 60%. The crude product was purified on
reverse phase HPLC: Sprint Biocad liguid chromatography system with a carbon 18
(C18) column as the non-polar stationary phase and water (H2O)/acetonitrile (ACN)
mixture as the polar mobile phase. The molecular weight was confirmed by
MALDI-TOF mass spectrometer.
Preparation of CT (N.A. MW= 3359 g/mol): natural abundance CT and
selectively labelled CT analogue, called CT-1 (PTEKD EYACR VNHVT LSQPK I
(V-13C-1)KWD RM), were also synthesized automatically, however, the second to last
amino acid on this sequence, D98, is missing because of an equipment failure.
Another peptide with different label, called CT-2 (PTEKD EY(A- 13C-3)CR VNHVT
LSQPK IVKWD RDM), was synthesized manually. These samples were also purified
on HPLC using same elution mixture (H2O/ACN) as for K3. The molecular weight of
CT-1 and CT-2 was confirmed by MALDI-TOF and MS/MS, which also suggested that
the missing amino acid on CT-1 is aspartic acid (D).
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Table 5-1 Fibrillization condition of K3 and CT (SDS*: Sodium Dodecyl Sulfate)
K3 (300μM)
25mM phosphate buffer
PH 2.5
1.5mM NaCl
0.01% NaN3

CT (200μM)
25mM phosphate buffer
PH 7
200mM NaCl; 1mM SDS*
0.01% NaN3
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The K3 and CT fibrils were made under conditions listed in Table 5-1 in an
incubator at 37°C for 2 weeks with gentle vibration. The formation of fibrils was
confirmed by UV-Vis, fluorescence spectroscopy, and TEM.
To monitor the fibril formation with UV-Vis, a special dye compound, called
Congo red, is used because Congo red only binds to amyloid fibrils.20 The
characteristic Congo red peak can be found at 498 nm. Comparing the UV-Vis
spectrum of the Congo red only to that of the fibril with Congo red, a red shift
around peak at 550 nm is expected when Congo red binds to amyloid fibril, which
can be used as evidence for β-sheet formation. (Figure 5-9, 5-10, 5-11) The testing
solution made by mixing 200 μM Congo red solution with 120 μL K3 or CT solution
after incubation to 500 μL. Then, the solution was tested with CARY-1 UV-Visible
dual beam spectrometer at absorption wavelength of 505 nm.
More information was obtained through fluorescence spectra took from
Shimadazu RF-5301PC fluorescence spectrophotometer. Fibril formation was
evidenced by the typical fluorescence spectroscopic feature up on the fibril bound
with a dye, named Thioflavin T. According to the fluorescence spectra a new
excitation peak at 450 nm in the excitation spectra under 482 nm emission wave
length and enhanced the peak at 480 nm in the emission spectra when applied with
450 nm excitation wave length (Figure 5-12, 5-13).1 K3 and CT fibril solutions were
mixed with ThT and sodium phosphate butter solutions at pH 2.5 and 6 separately.
The excitation spectra were taken with band pass=5nm, under wavelength of 482nm,
while the excitation spectra were taken with band pass=5nm, λex = 450nm.
Further confirmation has been done by TEM (Figure 5-14) taken with a Philips
CM12 STEM. This method gives a clear image for direct view of long hair-like fibrils.
K3 fibril solution was spotted and stained with 1% uranyl acetate dying solution on
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hydrophilic carbon-coated parlodin support film before water rinse. But the CT
(CT-1 and CT-2) fibrils would not stain. This could be due to the existence SDS used
in the CT solution for fibrillization.105,107
To obtain the details of the molecular structures of K3 and CT fibrils besides the
overall structure, both isotopic labelled fibrillized/unfibrillized samples were
desalted and lyophilized for ssNMR determination. The home-built HC-2channel
MAS probe was used in an 8.45 MHz magnetic field. Two important NMR methods
applied to this project were RAMPED-CP/MAS and CT-fpRFDR.6,8,12
The 13C spectra of K3 (Figure 5-15), CT-1 (Figure 5-16) and CT-2 (Figure 5-17)
were acquired with RAMPED-CP/MAS sequence under continuous proton
decoupling. Generally, stronger signal and relatively narrower peak width of spectra
corresponding to fibril samples are expected as in CT-1 spectra. For K3 and CT-2,
spectra intensity enhanced for fibril but no clear change of peak width was observed.
In CT-1 and CT-2 spectra the peaks at ~30 ppm next to the methyl peak can be
identified as the SDS signal. The signal in the aromatic region at ~130 ppm
corresponds to the aromatic carbons the proteins and stator background. Peaks in
the carbonyl region are due to the carbonyl label (~170 ppm) of Valine in CT-1, and
peaks in methyl region correspond to the methyl label (~20 ppm) of Alanine in CT-2.
Once we proved these proteins formed Amyloid fibrils, the type of the cross β
structure they obtained is the next question needs to be solved. One well known
ssNMR homonuclear distance measurement, called Constant-Time Finite-Pulse
Radiofrequency-Driven Recoupling (CT-fpRFDR), was used.34 This experiment
provides a quantitative way of measuring carbon-carbon distances through

13C-13C

dipolar couplings and tells us the type of β-sheet, parallel or anti-parallel, exists in
the fibrils.
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A typical parallel β-sheet corresponding to the intermolecular distances of
4.8±0.5 Å, has been confirmed using this method. For a peptide with single isotopic
label on each monomer, the type of β-sheet can be determined through
intermolecular distance measurement. As demonstrated in Figure 5-18, fibrils with
parallel β-sheet have 13C-13C intermolecular distance of ~5 Å, while the anti-parallel
β-sheet is very likely to hold structure corresponding to a distance longer than 6 Å.
The pre-confirmed beta amyloid (Aβ40) fibril and its unfibrillized analogue
protein, noted as G9V1212 to represent their

13C

labelled position at Glycine-9 and

Valine-12, were used as the standard for distance measurement because it has been
proved to be an parallel β-sheet. So, if the K3 and CT have the same structure it will
have similar result.
Plot the signal intensity as a function of effective time of the CT-fpRFDR
experiment, the signal dephasing curve of fibril K3 (Figure 5-19), CT-1 and CT-2
(Figure 5-20) follow the same curve as fibril G9V12, while only the unfibril CT (CT-1
and CT-2) samples, no K3, overlap with the unfibril G9V12. The faster dephasing of
the fibril samples suggest the same 13C-13C homonuclear distance of ~ 5 Å , while the
slow dephasing of unfibril CT samples correspond to a much longer distance.
However, the fact that both the K3 fibril and unfibril samples dephased follow the
same curve as G9V12 fibril could be explained by its fast self-assembly. Therefore,
by comparing with G9V12, both fibrillized K3 and CT were proved to be held by
parallel β-sheet structure.
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5.4 Conclusion
Solid-state NMR methods, RAMPED-CP/MAS and CT-fpRFDR, have been applied
in this project to determine the β-sheet structure of the beta2 microglobulin protein
fragments, K3 and CT. The inter-molecular distances have been confirmed to be the
same as that of the Amyloid fibril made by Aβ1-40, indicating both fragments have the
same parallel β-sheet structure asAβ1-40. This result is consistent with the three
dimensional structure of K3 resolved by Goto et al in 2006 and the full-length crystal
β2m structure.
Because the problems associated with the full length β2m sample preparation
and the publication of the crystal structure of the β2m protein (Figure 5-21)108 our
study was aborted.
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Figure 5-4 Four levels of protein structure (Wikipedia).
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Figure 5-5 Structure of x-ray diffraction class I major
histocompatibility complex (PDB ID: 1A1M).

Figure 5-6 Amino acid sequence of β2m protein
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Figure 5-7 Solution NMR structure of Human β2m (PDB ID: 2XKS).

Figure 5-8 Structure of K3 fibril (PDB ID: 2E8D).
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Figure 5-9 UV-Vis spectra of K3 fibril only, compare with the congo red only
and fibril-congo red binding.

99

Figure 5-10 UV-Vis spectra of CT (CT-2) fibril only, compare with the
congo red only and fibril-congo red binding.
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Figure 5-11 UV-Vis spectra of CT-1 fibril only, compare with the congo
red only and fibril-congo red binding.
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Figure 5-12 Excitation spectrum of pure Th-T, Th-T+K3 and Th-T+CT
in phosphate buffer at pH 2.5 (top) and pH 6 (bottom).
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Figure 5-13 Emission florescence spectra of ThT and K3/CT dyed
with ThT at pH 2.5 (top) and pH 6 (bottom).
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Figurre 5-14 TEM
M image off fibrils: K3 (top), CT-1
1(bottom leeft), and CT
T-2 (bottom
m right).
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Figgure 5-15 133C ssNMR of
o K3 V-13C-1
C non-fibrrillar (top) and fibrillaar (bottom
m) from
RAMPED-CP//MAS (obs. Freq = 89.8
8331MHz, scan 1D = 12288,
1
MA
AS =15KHz).
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Figure 5-1
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Figure 5-17
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Figure 5-18 Schematic representation of parallel and anti-parallel
β-sheet.
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Figure 5-19 Dephasing curve of fibrillized and unfibrillized K3 (green)
compared with G9V12 (blue), Obs. Freq = 89.83 MHz.
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Figure 5-20 Dephasing curve of fibrillized and unfibrillized CT-1(green)
and CT-2 (red) compared with G9V12 (blue), Obs. Freq = 89.822 MHz.
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Figure 5-21 Full-length β2m fibril crystal structure (PDB ID: 2YXF).
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CHAPTER 6
STRUCTURE DETERMINATION OF DRUG BOUND BETA AMYLOID OLIGOMER
COMPLEX
Beta amyloid refer to a group of proteins from normal degradation products of
the Amyloid Precursor Protein (APP), one of the most common proteins commonly
exists throughout the human body. In the large variations of beta amyloid two of
them, the fragments 1-40 and 1-42, have obtained more attention because they have
the ability to aggregate in the human body. These aggregates are believed to be
closely related to Alzheimer’s diseases. Therefore, to understand the molecular
structure of these proteins is a critical step towards learning the protein folding
mechanism and toxicity, which is the key of finding a method to cure Alzheimer s
and other related diseases.
One group of the aggregation products containing only few monomeric unites is
called oligomers. This type of aggregates is found to be more neuron toxic compared
with the fibrillar aggregates. The fact that the oligomers are rapidly aggregating in
solution and very sensitive to the solution condition makes ssNMR an appropriate
method that can be used to capture their structure. The goal of this project is to
elucidate the complex structure of drug (CP2) bound neuron toxic beta amyloid
protein 1-42 (Aβ1-42) oligomer. Inter-molecular distance was measured using
REDOR experiments to probe the relative orientation and position of the drug
molecule relative to beta amyloid protein.
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6.1 Beta Amyloid
Alzheimer’s disease, type II diabetes, prion diseases, and Parkinson's disease
are a group of age associated diseases believed to be closely related with mis-folding
of amyloidogenic proteins. If one takes Alzheimer’s disease as an example, it is the
7th leading cause of death (2004) with over 65,000 deaths and it accounts for 50-60%
of all dementia patients aged 65 or older. It affects memory capability, attention,
language, thinking, and even daily activities such as walking. 86,87,97 Therefore, being
able to treat and/or prevent these diseases has become the ultimate goal for benefit
the mankind, since there is a huge amount of people under the threat of these
diseases.97,101
Beta amyloid (Aβ) proteins are normal degradation products of the Amyloid
Precursor Protein (APP) which commonly exists throughout the body. Different
enzymes work as scissors to cut APP at different positions to create a variety of
peptides with different lengths, containing amino acids from 365 to 770 (Figure
6-1).97,108 According to the most recent studies, depending on the formation
condition, the Aβ proteins can form a variety of aggregation products, oligomers and
fibrils, even if started with the same primary Aβ monomers. Aβ monomers formed
right after APP degradation, and then fold into more stable structures depending on
the formation conditions. Some structures are believed play a more critical role in
response to these age associated diseases. The studies of the Aβ plaque structure
have become more and more critical for the understanding of protein folding,
aggregation process, and the cause of these diseases. These proteins can both form
insoluble fibrils and the soluble Aβ oligomers. Based on recent discoveries, scientists
have suggested that oligomers, which contain 2 to 24 or more monomers, are more
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neurotoxic than the Aβ fibrils.87,94,95 Variation of Aβ aggregates morphology may
have been developed following different protein folding and aggregation pathways,
but no clear structure of specific Aβ aggregation species nor have the aggregation
mechanisms been fully understood. Besides the great variety of aggregation, from
β-balls, globular oligomers, protofibril, and fibrils, the non-crystalline character also
make the study more difficult.109
Two of most important Aβ fragments (Figure 6-1), Aβ1-40 and Aβ1-42, are the
primary constituents of Aβ brain plaque found in Alzheimer’s patients. Aβ1-42 having
a nearly identical protein sequence as Aβ1-40, with only two additional amino acids,
isoleucine(I) and valine(V), at the C-terminal.108,110 For quite a long time, Aβ1-40
attracts most attention of scientists because it is the major component, about 90%,
of the senile plaques is Aβ1-40. However, Aβ1-42, even though it accounts for a small
percentage of the senile plaques, is believed to be more toxic and aggregates at a
much faster speed compare to Aβ1-40.21,94,108 In this project, Aβ1-42, especially its drug
binding sites is studied.
ssNMR has a long history of application for structure elucidation of Aβ fibrils,
which have been characterized to have parallel β-sheets.87 But, very limited
information was obtained on the aggregation intermediates, including the oligomers
and protofibrils, due to their instability and inhomogeneity. 111 Different structures
have been proposed for different oligomers from paired hairpin dimer to long
extend stacking as it is in a mature fibril,

94,111

but no clear relationship has been

found between the size, shape, and number of monomers contained in those
aggregates. The aggregation structures are believed to be stabilized by side-chain
interactions,

such

as

disulfide

bridge,

hydrogen

bonding,

or

aromatic

stacking.87,91,93,111 A well established structure of Aβ1-42 fibril (Figure 6-2) was used
114

to design the experiment.94 Knowing the local atomic contacts of the molecules will
help us to develop ways to control the interactions in addition to understanding the
aggregation process.
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6.2 Aβ disaggregation
Normally, a protein can either perform a function by itself or in association with
other proteins or molecules in a complex. But, in some situations, the association
may not beneficial or even harmful to the biochemical or biophysical system and
causes failure of certain functions of the protein. Then, drugs that can be used to
prevent or stop this type of association are needed.
Therefore, drugs that act as inhibitors to prevent Aβ aggregation and eliminate
existing Aβ aggregates are highly desired. In the previous study, our collaborator has
designed and successfully synthesized a drug, a tricyclic pyrone compound,
((5aS,7S)-7-((R)-1-(6-amino-3H-purin-3-yl)propan-2-yl)-3-methyl-6,7,8,9-tetrahydr
opyrano[4,3-b]chromen-1(5aH)-one), named CP2 (Figure 6-3).
Study has showed that CP2 is capable of disaggregating the Aβ1-42 aggregates
both in vitro and in vivo.21,112 This drug has demonstrated its ability to disaggregate
both Aβ1-42 protofibrils (Figure 6-4) and oligomers (Figure 6-5) evidenced by images
from Atomic Force Microscopy (AFM). The aggregates, that can once be visualized
under AFM, disappeared over time upon the addition of the CP2.21 Therefore, it is
believed that when Aβ1-42 aggregates and the CP2 are mixed together, the CP2
molecules will contact the Aβ molecules at some points to dissociate the aggregates.
In order to understand the functional mechanism of the protein folding and
unfolding and to improve the efficiency of dissociation drug for Aβ1-42 aggregates, it
is necessary to determine the binding sites of the two molecules and to elucidate the
Aβ-CP2 complex structure.
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6.3 Experiment and result
To resolve the bound structure of a protein-ligand complex, such as Aβ-CP2 in
this project, ssNMR can be taken as the best technique because of the long and
fruitful history of ssNMR study in qualitative and quantitative molecular structure
determination.93,96,113 The fact that aggregation is in continuous progress in solution
and the non-crystalline property of the aggregation products also makes the use of
ssNMR beneficial in the structure determination because the sample used for this
technique is solid, dry powder, or frozen liquid, in which the molecular motions of
substances are eliminated.
However, there are problems that limit the use of ssNMR. One common
problem in protein ssNMR studies is signal overlapping. It is because amino acids
normally contains only limited types of nuclei and very limited types of bonds.114
Even though chemical shift of certain type of nuclei may occur in a relatively large
range, depending on their experiencing chemical environment, most of chemical
groups found in the 20 naturally occurred amino acids, are carbonyl, methyl,
methylene, carboxyl, amide, and aromatic groups. Therefore,

13C

signal from methyl

group of different amino acids is very likely to appear at the same range (15~45
ppm) and overlap with each other.
Isotopic labelled samples are widely used for ssNMR studies considering the
increased difficulty in peak assignment due to broadened line width of the spectra
compare to that of solution NMR. Generally speaking, there are two types of labeling
schemes, selectively and uniformly labeling as discussed in the previous chapter.
What kind and how many labels should be used and where the labels should be
placed are always the question that cannot be skipped when comes to experiment
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design. The most frequently used labels are carbon-13, nitrogen-15, proton and
deuterium. Enhanced signal and improved resolution of ssNMR spectra can be
achieved when sample is appropriately labelled and/or the right experiment
condition is chosen.
In order to determine the molecular structure of the Aβ-CP2 complex and
understand how well this drug protects against the aggregation, three samples: Aβ
monomer, Aβ oligomer and Aβ-CP2 complex, are needed to be prepared for ssNMR
measurements. All three samples are selectively isotopically labelled on different
carbon groups (C-2-L17, C-1-F19, C-3-A30) for enhanced signal-to-noise ratio in
ssNMR measurements. The CP-MAS experiment was used to collect

13C

spectra of

the three samples. Comparing the three samples at the three labelled positions,
peaks corresponding to methyl carbon and carbonyl carbon have a noticeable
change, while it is not very distinctive for the alpha carbon peak (Figure 6-6). This
peak shift suggests a conformational change of Aβ oligomer when CP2 is introduced.
And the corresponding positions may be near the binding sites.
To locate the CP2 molecule around an Aβ1-42 molecule, a distance between the
two selected nuclei can be determined by a well know ssNMR experiment, called
Rotational-Echo DOuble-Resonance or REDOR.11,115 Recall from chapter 3, the
REDOR experiment is widely used in heteronuclear distance measurement in solids.
The distance is measured based on the fact that the two nuclei are dipolar coupled
through space, and the dephasing of the rotational echo is inversely proportional to
their distance. When the drug molecule is bound with the Aβ molecule, obvious
dephasing should be observed at the positive binding positions. And the extent of
dephasing decreases as a function of the distance between the two interacting nuclei.
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This experiment can be used to measure distances between two spins qualitatively
or semi-quantitatively.
Aβ1-42 with three specific labelled positions was synthesized using solid phase
peptide synthetic techniques.94,116 According to an Aβ1-42 fibril structure published
in 2005 by Ritter et al. (PDB ID code 2BEG, Figure 6-2)94, three positions in Aβ1-42
molecule were chosen for

13C

labels because they are taken place at either the turn

region or at the open area attached with or nearby a phenyl group, which may stack
with the aromatic range of CP2 to stabilize the complex. The deuterium labelled CP2
with a single 2H at the terminal methyl group was also synthesized before combining
these two compounds to form the complex.
Many different versions of the REDOR experiments have been developed, and
depending on the distance and the type of nuclei to be measured, some experiments
are more precise than others while in other cases they might have the same result.
The single pulse variant θ-REDOR sequence was used to measure

13C-2H

of the

Aβ-CP2 complex after a careful evaluation of different REDOR experiments on
selected measurement standards, our selectively labelled anthracene derivatives
(See Appendix II). The accuracy of this experimental determination was confirmed
by applying the same experiment on the synthesized standard compounds that have
a known (~6.2 angstrom) 13C-2H distance.
However, no signal dephasing was observed from REDOR experiments, which
can measure

13C-2H

distance up to ~6 angstrom, for selectively labelled Aβ1-42

oligomer-CP2 complex (Figure 6-7, 6-8, 6-9) even after a long effective recoupling
time. This indicates that the deuterium label on CP2 is far away from all three
labelled positions on Aβ molecules (Figure 6-10).
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13C

It could be due to the fact that CP2 is bound with Aβ1-42 in the “hole” area (the black
circle area, Figure 6-10), or it is oriented with the deuterium labelled methyl group
point away from Aβ molecule by π-π stacking through the purine pyrimidine ring or
the imidazole ring in the CP2 with benzene ring at F19 in the Aβ1-42, or it is located in
some area outside, assuming the 2BEG structure is the right aggregation model.
This negative REDOR result may also be explain by a different Aβ1-42 model. For
example, if the molecular structure of the oligomer Aβ1-42 is similar as what Yu et al.
predicted (Figure 6-11)111 and the drug bound with Aβ1-42 at positions from amino
acid 36 to 42(VGGVVIA), all three selectively labelled positions on the Aβ1-42 are
too far away from the labelled position on the CP2.
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6.4 Conclusion and future work
The clear conformational change was found by comparing the Aβ oligomer
with/ without CP2, and Aβ monomer. Binding position of CP2 on Aβ was
investigated via 13C-2H REDOR experiment. However, the fact that the methyl group
of CP2 is far apart from the three selected positions, L17, F19, and A30, suggests a
different labeling scheme should be used.
Uniformly 13C labelled Aβ1-42 oligomer can be used in order to be able to find the
drug binding locations by searching the entire molecule. The uniformly labelled
sample will be very beneficial for this study since it allows us to find the drug
around the entire space near Aβ1-42 even if the wrong molecular model is used. This
new labeling scheme can be achieved by protein expression. Another labeling
scheme can be used is 15N labelled NH2 on pyrimidine ring of CP2. This sample,CP2
containing both 2H and

15N,

can be used to answer the questions of if the CP2 is

bound to Aβ1-42 by π-π stacking and which groups, the pyrimidine ring or the
imidazole ring of the CP2, are stacked.
The outcome of this project can provide a clear understanding of Aβ
dissociation process, which can then be used to improve the drug design and
general protein aggregation studies. The same methods may also be applied to
understand the process of Aβ fibril formation and disaggregation.
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Figure 6-1 Aβ1-40 and Aβ1-42 fragments in APP.

Figure 6-2 Aβ1-42 fibril 3D structure (2BEG).
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Figure 6-3 CP2

Figure 6-4 AFM images of disaggregation of Aβ1-42 protofibrils:
(a) Aβ1-42 protofibrils (b) Incubation of Aβ1-42 protofibrils with
CP2 for 24 h at 25°C.
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Figure 6--5 AFM imaages of disaaggregation
n of Aβ1-42 oligomers.
o
((a) Aβ1-42
oligomerrs (width 25
5-50 nm, height: 4-7 nm.
n 4-8 meers) (b) Incu
ubation of
Aβ1-42 oliggomer with
h CP2 for 24h and (c) 48h at 25°°C.

Figure 6-6
6 13C ssN
NMR CP/MA
AS spectra of
o Aβ1–42 saamples (obs. Freq =
89.927 MHz, scan 1D = 2048, last delay
y=3s, ct= 2m
m, h90=4.3u
u H field >
100kHzz).
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Figure 6-7

13C-2H

REDOR experiments of oligomer-CP2 sample:

obs. Freq = 89.827 MHz, H decoupling field =100 kHz, Tr=0.125μ,
effective time 4 ms (a).
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Figure 6-8

13C-2H

REDOR experiments of oligomer-CP2 sample:

obs. Freq = 89.827 MHz, H decoupling field =100 kHz, Tr=0.125μ,
effective time

8 ms (b).
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13C-2H

REDOR experiments of oligomer-CP2 sample:

obs. Freq = 89.827 MHz, H decoupling field =100 kHz, Tr=0.125μ,
effective time 12 ms (c).
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Figure 6-10 Aβ1-42 structure adapted from 2BEG, highlighted
positions are selectively

13C

labels at C-2-L17, C-1-F19, C-3-A30;

dot circles indicate the range of 5.5 angstrom from the labelled
positions respectively.

128

Figure 6-11 Aβ1-42 dimer 3D structure
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Appendix
I. ab initio calculations and results
A sample input and output file used for one step geometry optimization
followed by chemical shift tensor and EFG tensor calculations. Molecular
coordinates is generated by Gaussian view 98 and then calculation was done by
Gaussian 2003 after the structure was optimized by this program using the GIAO
method at the DFT/B3LYP/6-31G(d,p) level of theory.
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I.I Input file
Calculation for ortho-carborane:
-----------------------------------------------------------------------------------------------------------%mem=256MB
#p opt nmr b3lyp/6-31g(d,p) geom=connectivity scf=tight prop=efg
Ortho-carborane_1step

01
B
H
B
H
B
H
B
H
B
H
C(Iso=13)
H
B
H
B
H
B
H
B
H
B
C(Iso=13)
H
H
B1
B2
B3
B4
B5
B6
B7
B8
B9
B10

1
1
3
1
5
5
7
7
9
9
11
5
13
1
15
11
17
11
19
5
11
21
22

B1
B2
2
B3
1
B4
3
B5
1
B6
1
B7
5
B8
5
B9
7
B10
7
B11
9
B12
1
B13
5
B14
3
B15
1
B16
9
B17 11
B18
9
B19 11
B20
1
B21
9
B22
5
B23 11
1.17999998
1.74655212
1.18000001
1.78193972
1.17999998
1.79851623
1.17999999
1.76905339
1.17999998
1.70795757
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A1
A2
2
A3
4
A4
3
A5
3
A6
1
A7
1
A8
5
A9
5
A10 7
A11
3
A12
1
A13
9
A14
3
A15
7
A16
9
A17
7
A18
9
A19
3
A20
7
A21
1
A22
9

D1
D2
D3
D4
D5
D6
D7
D8
D9
D10
D11
D12
D13
D14
D15
D16
D17
D18
D19
D20
D21

B11
B12
B13
B14
B15
B16
B17
B18
B19
B20
B21
B22
B23
A1
A2
A3
A4
A5
A6
A7
A8
A9
A10
A11
A12
A13
A14
A15
A16
A17
A18
A19
A20
A21
A22
D1
D2
D3
D4
D5
D6
D7
D8
D9
D10
D11
D12
D13
D14
D15
D16
D17
D18
D19

1.06999998
1.77766796
1.17999999
1.76259592
1.17999997
1.62841339
1.17999999
1.64334553
1.18000003
1.74507179
1.67631858
1.17999999
1.07000000
121.35308831
121.50015181
107.19843262
126.21472088
107.25082891
120.94549624
107.51876921
121.52904759
106.02644064
118.85471669
107.00895112
125.87105913
108.97081168
117.65946157
113.99422916
117.86894577
62.41809682
119.66891920
60.83101172
110.36732642
116.50508686
126.39685541
6.20463825
150.48493106
-148.74555046
2.07670671
-146.71090602
0.30719119
-148.01044256
60.10421447
144.24795142
63.40770235
147.69541396
58.34444606
148.92122454
-63.72270329
-145.92969295
39.86995217
105.61839846
-35.67876019
2.38779076
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D20
D21

-110.59974059
147.73830762

1 2 1.0 3 1.0 5 1.0 21 1.0 17 1.0 15 1.0
2
3 4 1.0 9 1.0 21 1.0 11 1.0 17 1.0
4
5 6 1.0 7 1.0 21 1.0 15 1.0 13 1.0
6
7 8 1.0 9 1.0 21 1.0 19 1.0 13 1.0
8
9 10 1.0 21 1.0 19 1.0 11 1.0
10
11 12 1.0 17 1.0 19 1.0 22 1.0
12
13 14 1.0 15 1.0 19 1.0 22 1.0
14
15 16 1.0 17 1.0 22 1.0
16
17 18 1.0 22 1.0
18
19 20 1.0 22 1.0
20
21 23 1.0
22 24 1.0
23
24
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I.II Output file

Chemical shift tensor calculation results:
Calculating GIAO nuclear magnetic shielding tensors.
-----------------------------------------------------------------------------------------------------------SCF GIAO Magnetic shielding tensor (ppm):
1 B
Isotropic = 119.9562 Anisotropy =
7.0343
XX= 120.5336 YX=
0.0173 ZX=
0.5947
XY=
-0.0309 YY= 124.6457 ZY=
-0.0349
XZ=
-9.8638 YZ=
0.0068 ZZ= 114.6892
Eigenvalues: 112.1325 123.0903 124.6457
2 H
Isotropic =
29.2003 Anisotropy =
14.2733
XX=
34.8066 YX=
-0.0075 ZX=
6.2506
XY=
-0.0067 YY=
24.4578 ZY=
-0.0030
XZ=
6.4891 YZ=
-0.0044 ZZ=
28.3365
Eigenvalues:
24.4273
24.4578
38.7158
3 B
Isotropic = 125.1784 Anisotropy =
39.3456
XX= 115.6840 YX=
-0.2490 ZX=
-0.2462
XY=
4.6801 YY= 129.3406
ZY=
-7.7509
XZ= -16.4757 YZ= -31.9747 ZZ= 130.5106
Eigenvalues: 107.4511 116.6753 151.4088
4 H
Isotropic =
29.4324 Anisotropy =
15.9520
XX=
28.0284 YX=
6.1699 ZX=
-0.0584
XY=
7.3768 YY=
35.9728 ZY=
-0.3206
XZ=
-1.6855 YZ=
-2.9181 ZZ=
24.2962
Eigenvalues:
24.0567
24.1735
40.0671
5 B
Isotropic = 112.4384 Anisotropy =
11.5510
XX= 120.1391 YX=
0.0075 ZX=
-0.0021
XY=
0.0086 YY= 116.3226
ZY=
2.4866
XZ=
0.0061 YZ=
9.9518 ZZ= 100.8536
Eigenvalues:
98.6633 118.5128 120.1391
6 H
Isotropic =
29.0178 Anisotropy =
13.4120
XX=
24.7233 YX=
0.0065 ZX=
-0.0121
XY=
0.0043 YY=
28.1605 ZY=
-6.2295
XZ=
-0.0094 YZ=
-5.9577 ZZ=
34.1696
Eigenvalues:
24.3710
24.7232
37.9591
7 B
Isotropic = 119.9438 Anisotropy =
7.0630
XX= 120.5145 YX=
0.0067 ZX=
-0.5999
XY=
0.0309 YY= 124.6521
ZY=
-0.0440
XZ=
9.8453 YZ=
-0.0636 ZZ=
114.6647
Eigenvalues: 112.1190 123.0599 124.6524
8 H
Isotropic =
29.2000 Anisotropy =
14.2714
XX=
34.7965 YX=
-0.0380 ZX=
-6.2540
XY=
-0.0363 YY=
24.4588 ZY=
0.0217
XZ=
-6.4934 YZ=
0.0231 ZZ=
28.3446
Eigenvalues:
24.4270
24.4587
38.7142
9 B
Isotropic = 125.1588 Anisotropy =
39.3182
XX= 115.6816 YX=
0.3104 ZX=
0.2018
XY=
-4.5918 YY= 129.3377 ZY=
-7.7556
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XZ=
16.3470 YZ= -32.0484 ZZ= 130.4572
Eigenvalues: 107.4151 116.6904 151.3710
10 H
Isotropic =
29.4297 Anisotropy =
15.9459
XX=
27.9677 YX=
-6.1324 ZX=
0.0550
XY=
-7.3406 YY=
36.0264 ZY=
-0.3182
XZ=
1.6711 YZ=
-2.9221 ZZ=
24.2948
Eigenvalues:
24.0559
24.1728
40.0603
11 C
Isotropic = 138.8920 Anisotropy =
54.1687
XX= 125.0954 YX=
0.0486 ZX=
0.1327
XY=
0.0533 YY= 128.7034
ZY=
45.6979
XZ=
0.0291 YZ=
1.6940 ZZ= 162.8772
Eigenvalues: 116.5763 125.0952 175.0045
12 H
Isotropic =
28.5631 Anisotropy =
22.5228
XX=
21.1936 YX=
0.0054 ZX=
-0.0098
XY=
0.0074 YY=
25.2822 ZY=
-7.0408
XZ=
-0.0189 YZ= -10.8319 ZZ=
39.2135
Eigenvalues:
20.9175
21.1936
43.5783
13 B
Isotropic = 125.1782 Anisotropy =
39.3116
XX= 115.7350 YX=
-0.2516 ZX=
0.2609
XY=
4.7395 YY= 129.5529
ZY=
7.7580
XZ=
16.4812 YZ=
31.9760 ZZ= 130.2466
Eigenvalues: 107.4187 116.7299 151.3859
14 H
Isotropic =
29.4318 Anisotropy =
15.9513
XX=
28.0305 YX=
6.1706 ZX=
0.0261
XY=
7.3849 YY=
35.9871 ZY=
0.2597
XZ=
1.6484 YZ=
2.8576 ZZ=
24.2778
Eigenvalues:
24.0556
24.1738
40.0660
15 B
Isotropic = 125.1603 Anisotropy =
39.3112
XX= 115.6768 YX=
0.3486 ZX=
-0.1976
XY=
-4.6633 YY= 129.5572 ZY=
7.7774
XZ= -16.2978 YZ=
32.0463 ZZ= 130.2468
Eigenvalues: 107.4081 116.7050 151.3677
16 H
Isotropic =
29.4296 Anisotropy =
15.9464
XX=
27.9682 YX=
-6.1308 ZX=
-0.0273
XY=
-7.3489 YY=
36.0418 ZY=
0.2655
XZ=
-1.6352 YZ=
2.8688 ZZ=
24.2788
Eigenvalues:
24.0540
24.1742
40.0605
17 B
Isotropic = 127.1221 Anisotropy =
56.6225
XX= 104.8238 YX=
0.0728 ZX=
1.7269
XY=
-0.0403 YY= 117.7646 ZY=
0.1441
XZ= -39.9783 YZ=
0.2331 ZZ= 158.7779
Eigenvalues:
98.7317 117.7642 164.8705
18 H
Isotropic =
29.3872 Anisotropy =
17.0800
XX=
33.2285 YX=
-0.0334 ZX=
-5.7409
XY=
-0.0454 YY=
23.5132 ZY=
0.0314
XZ= -11.0611 YZ=
0.0452 ZZ=
31.4198
Eigenvalues:
23.5130
23.8746
40.7739
19 B
Isotropic = 127.1089 Anisotropy =
56.6298
XX= 104.8184 YX=
0.0519 ZX=
-1.6864
XY=
0.1565 YY= 117.7673
ZY=
0.0981
XZ=
40.0281 YZ=
0.0087 ZZ= 158.7410
Eigenvalues:
98.6971 117.7675 164.8621
20 H
Isotropic =
29.3870 Anisotropy =
17.0785
XX=
33.2394 YX=
-0.0091 ZX=
5.7386
135

XY=
0.0067 YY=
23.5139 ZY=
0.0077
XZ=
11.0601 YZ=
-0.0042 ZZ=
31.4076
Eigenvalues:
23.5139
23.8744
40.7727
21 B
Isotropic = 112.4468 Anisotropy =
11.4689
XX= 120.0925 YX=
0.0238 ZX=
0.0066
XY=
0.0147 YY= 116.3216
ZY=
-2.5462
XZ=
-0.0241 YZ= -10.0582 ZZ= 100.9264
Eigenvalues:
98.6757 118.5721 120.0928
22 C
Isotropic = 138.8734 Anisotropy =
54.1685
XX= 125.1298 YX=
0.0161 ZX=
-0.1432
XY=
0.0253 YY= 128.3755
ZY= -45.5441
XZ=
-0.0048 YZ=
-1.5001 ZZ= 163.1151
Eigenvalues: 116.5049 125.1297 174.9858
23 H
Isotropic =
29.0185 Anisotropy =
13.4116
XX=
24.7235 YX=
0.0116 ZX=
0.0193
XY=
0.0087 YY=
28.2200 ZY=
6.2605
XZ=
0.0142 YZ=
5.9827 ZZ=
34.1119
Eigenvalues:
24.3724
24.7235
37.9596
24 H
Isotropic =
28.5646 Anisotropy =
22.5220
XX=
21.1945 YX=
0.0128 ZX=
0.0204
XY=
0.0133 YY=
25.3711 ZY=
7.1040
XZ=
0.0316 YZ=
10.9011 ZZ=
39.1281
Eigenvalues:
20.9200
21.1945
43.5793
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EFG tensor calculation results:
-----------------------------------------------------------------------------------------------Center
---- Electric Field Gradient ---XX
YY
ZZ
---------------------------------------------------------------------------------------------1 Atom
-277.283313 -277.445548 -277.399495
2 Atom
-1.857078
-1.608360
-1.690580
3 Atom
-277.465785 -277.356069 -277.534421
4 Atom
-1.691901
-1.853927
-1.622283
5 Atom
-277.446835 -277.369852 -277.311256
6 Atom
-1.611501
-1.708382
-1.845501
7 Atom
-277.283343 -277.445602 -277.399318
8 Atom
-1.856880
-1.608372
-1.690788
9 Atom
-277.466096 -277.355455 -277.534268
10 Atom
-1.690776
-1.855109
-1.622286
11 Atom
-492.851335 -493.079806 -492.718417
12 Atom
-1.601050
-1.698023
-1.974844
13 Atom
-277.465492 -277.355212 -277.534740
14 Atom
-1.692047
-1.854237
-1.621848
15 Atom
-277.466387 -277.354682 -277.534832
16 Atom
-1.690682
-1.855606
-1.621905
17 Atom
-277.579824 -277.601205 -277.427922
18 Atom
-1.800200
-1.614899
-1.769902
19 Atom
-277.579750 -277.601389 -277.428188
20 Atom
-1.800439
-1.614901
-1.769671
21 Atom
-277.446753 -277.368960 -277.312271
22 Atom
-492.851923 -493.080161 -492.719066
23 Atom
-1.611492
-1.709948
-1.843952
24 Atom
-1.601065
-1.699685
-1.973229
----------------------------------------------------------------------------------------------
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--------------------------------------------------------------------------------------------------Center
---- Electric Field Gradient ---XY
XZ
YZ
-------------------------------------------------------------------------------------------------1 Atom
-0.000231
0.072072
-0.000104
2 Atom
0.000230
-0.143360
0.000134
3 Atom
0.063334
-0.067665
-0.074367
4 Atom
-0.142861
0.022410
0.042099
5 Atom
0.000104
-0.000110
-0.088269
6 Atom
-0.000119
0.000185
0.150546
7 Atom
-0.000517
-0.072115
0.000360
8 Atom
0.000903
0.143479
-0.000515
9 Atom
-0.062993
0.067378
-0.074574
10 Atom
0.142223
-0.022238
0.042181
11 Atom
-0.000730
-0.000041
-0.039419
12 Atom
-0.000164
0.000264
0.175711
13 Atom
0.063871
0.067242
0.073393
14 Atom
-0.143056
-0.021693
-0.040879
15 Atom
-0.063292
-0.067096
0.073745
16 Atom
0.142259
0.021570
-0.041138
17 Atom
-0.000637
-0.143855
0.000685
18 Atom
0.000850
0.164949
-0.000787
19 Atom
0.000351
0.143964
0.000202
20 Atom
-0.000040
-0.164932
-0.000058
21 Atom
0.000201
0.000271
0.088653
22 Atom
-0.000687
0.000061
0.041042
23 Atom
-0.000252
-0.000383
-0.151252
24 Atom
-0.000280
-0.000505
-0.176987
---------------------------------------------------------------------------------------------------
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--------------------------------------------------------------------------------------------------Center
---- Electric Field Gradient ------Eigenvalues
-----------------------------------------------------------------------------------------------------1 Atom
-277.445549 -277.433973 -277.248835
2 Atom
-1.939608
-1.608360
-1.608051
3 Atom
-277.581338 -277.485880 -277.289057
4 Atom
-1.944202
-1.615694
-1.608216
5 Atom
-277.446835 -277.433558 -277.247549
6 Atom
-1.942364
-1.611519
-1.611500
7 Atom
-277.445605 -277.433867 -277.248791
8 Atom
-1.939617
-1.608369
-1.608054
9 Atom
-277.581152 -277.485776 -277.288890
10 Atom
-1.944246
-1.615699
-1.608225
11 Atom
-493.084058 -492.851333 -492.714167
12 Atom
-2.060111
-1.612756
-1.601050
13 Atom
-277.580817 -277.485824 -277.288803
14 Atom
-1.944218
-1.615687
-1.608227
15 Atom
-277.581116 -277.485913 -277.288873
16 Atom
-1.944258
-1.615701
-1.608233
17 Atom
-277.666547 -277.601208 -277.341195
18 Atom
-1.950698
-1.619408
-1.614895
19 Atom
-277.666661 -277.601388 -277.341277
20 Atom
-1.950702
-1.619408
-1.614901
21 Atom
-277.446753 -277.433690 -277.247541
22 Atom
-493.084770 -492.851921 -492.714460
23 Atom
-1.942378
-1.611522
-1.611491
24 Atom
-2.060133
-1.612781
-1.601064
-----------------------------------------------------
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--------------------------------------------------------------------------------------------------Center
---- Electric Field Gradient ---( tensor representation )
3XX-RR
3YY-RR
3ZZ-RR
--------------------------------------------------------------------------------------------------1 Atom
0.092806
-0.069429
-0.023377
2 Atom
-0.138405
0.110312
0.028093
3 Atom
-0.013693
0.096023
-0.082329
4 Atom
0.030803
-0.131223
0.100421
5 Atom
-0.070854
0.006129
0.064725
6 Atom
0.110294
0.013413
-0.123707
7 Atom
0.092745
-0.069514
-0.023231
8 Atom
-0.138200
0.110308
0.027892
9 Atom
-0.014156
0.096485
-0.082328
10 Atom
0.031947
-0.132385
0.100438
11 Atom
0.031851
-0.196620
0.164769
12 Atom
0.156922
0.059949
-0.216872
13 Atom
-0.013677
0.096603
-0.082926
14 Atom
0.030664
-0.131527
0.100863
15 Atom
-0.014420
0.097285
-0.082865
16 Atom
0.032049
-0.132875
0.100826
17 Atom
-0.043507
-0.064888
0.108395
18 Atom
-0.071866
0.113435
-0.041568
19 Atom
-0.043308
-0.064947
0.108254
20 Atom
-0.072102
0.113436
-0.041335
21 Atom
-0.070758
0.007035
0.063723
22 Atom
0.031793
-0.196445
0.164651
23 Atom
0.110305
0.011849
-0.122154
24 Atom
0.156928
0.058308
-0.215236
-----------------------------------------------------
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------------------------------------------------------------------------------------------------------Center
---- Electric Field Gradient ---( tensor representation )
---Eigenvalues
--------------------------------------------------------------------------------------------------------1 Atom
-0.069430
-0.057854
0.127284
2 Atom
-0.220935
0.110313
0.110622
3 Atom
-0.129246
-0.033788
0.163034
4 Atom
-0.221498
0.107010
0.114488
5 Atom
-0.070854
-0.057577
0.128432
6 Atom
-0.220570
0.110275
0.110294
7 Atom
-0.069517
-0.057780
0.127296
8 Atom
-0.220937
0.110311
0.110626
9 Atom
-0.129213
-0.033837
0.163050
10 Atom
-0.221523
0.107024
0.114498
11 Atom
-0.200872
0.031853
0.169019
12 Atom
-0.302139
0.145216
0.156923
13 Atom
-0.129002
-0.034009
0.163011
14 Atom
-0.221507
0.107024
0.114484
15 Atom
-0.129148
-0.033945
0.163094
16 Atom
-0.221527
0.107030
0.114498
17 Atom
-0.130230
-0.064891
0.195122
18 Atom
-0.222364
0.108926
0.113439
19 Atom
-0.130219
-0.064947
0.195165
20 Atom
-0.222366
0.108929
0.113436
21 Atom
-0.070758
-0.057695
0.128454
22 Atom
-0.201053
0.031796
0.169257
23 Atom
-0.220581
0.110275
0.110306
24 Atom
-0.302140
0.145212
0.156929
-----------------------------------------------------
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142

NMR

–11.6 (–9.3)a
–4.0 (–2.5)a

B8, B10
B9, B12

56.4

3-(CH3)-ortho-carborane

2b

C1, C2

57.2

C2

1.0

69.7,

C1
CH3

26.3

CH3

1-(CH3)-ortho-carborane

2a

icosahedral BH

B3

icosahedral BH

–4 to –18

–9.8

1.9–2.1

–0.4- 1.1
icosahedral BH 2.2–2.7

icosahedral CH 3.0

CH3

icosahedral BH 2.4–2.8

icosahedral CH 3.2

CH3

2.4

BH
–2 to –16

2.6

–20.7 (–16.8)a

B2, B3

2.3–2.7

2.7

2.3–2.7

3.2

δ / ppm

–17.8 (–14.3)a CH

–16.3 (–13.2)a

B4, B6, B8, B11

63.3 (62.9)a all B

C1, C12

–12.7 (–10.5)a BH

B9, B10

CH

–16.8 (–13.4)a BH

–9.5 (–6.6)a

NMR

H type

–18.7 (–14.4)a CH

δ / ppm

1H

B4, B5, B7, B11

54.3 (54.3)a B5, B12

1,12-C2B10H12 (para-carborane)

C1, C7

1,7-C2B10H12 (meta-carborane)

1b

NMR

B type

11B

52.9 (53.5)a B3, B6

δ / ppm

1c

C1, C2

1,2-C2B10H12 (ortho-carborane)

C type

13C

1a

No. Compound description

Table I-I Selected theoretical (experimental) chemical shifts and shift ranges for model ortho-carborane derivatives
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72.0
59.5

C1
C2

1-(BHBH2)-ortho-carborane

2i

55.4

C1, C2

56.1

C2

3-(BHBH2)-ortho-carborane

74.1

C1

52.9, 53.5

C1, C2
12.8

13.3

CH3

CH3

51.4

C2

32.8

47.2

C1

CH2

3.3

55.7

C2
CH3

52.7

C1

2h

12-(CH3)-ortho-carborane

2e

1.1

51.7

C1, C2
CH3

1.0

CH3

δ / ppm

1-(CH2CH3)-ortho-carborane

11-(CH3)-ortho-carborane

2d

NMR

C type

13C

2g

10-(CH3)-ortho-carborane

2c

No. Compound description

NMR

–12.8
–3 to –17

B3
icosahedral B

90.9
0 to –17

borane BH2
icosahedral B

89.9

91.6

borane BH2

borane BH

107.1

–5 to –17

–4 to –18

–3 to –19

4.8

–3 to –20

–8.0

–3 to –22

–2.5

δ / ppm

borane BH

icosahedral B

icosahedral B

icosahedral B

B12

icosahedral B

B11

icosahedral BH

B10

B type

11B

NMR

3.1

0.5–0.6

δ / ppm

3.1–3.2

0.1–0.7

3.0–3.1

–0.4

3.0–3.1

3.4

0.9–1.0

3.2

9.7

10.8

icosahedral CH

BH2

BH

2.6

9.5

8.6

icosahedral BH 2.2–2.9

icosahedral CH

BH2

BH

icosahedral BH 2.3–2.6

icosahedral CH

CH2, CH3

icosahedral BH 2.2–2.8

icosahedral CH

icosahedral BH 2.2–2.8

icosahedral CH

CH3

icosahedral BH 2.1–2.8

icosahedral CH

CH3

icosahedral BH 2.2–2.8

icosahedral CH

CH3

H type

1H
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NMR

35.3

C7, C8
C7
C8

7,8-C2B9H112–

7,8-C2B9H12–

7,8-C2B9H13

B10H122–

B10H14 (decaborane)

3d

3e

3f

4a

4b

72.3 (72.0)b icosahedral B

59.7 (63.8)b (icosahedral B)b (–1 to –12)

C1, C2
C1, C1’
C2, C2’

3,3’-bis(ortho-carborane)

1,1’-bis(ortho-carborane)

1,3’-bis(ortho-carborane)

5b

5c

62.2

(62.9)b

icosahedral C 55–59

C1

56.4

132.7

C6

5a

67.4

5,6-C2B8H12

4e

C5

96.2

icosahedral B

B3’

–3 to –17

icosahedral B

–3 to –17

–11.8

–3 to –17

–15.1

–39.6
B3

B4

–28.8

13.8

B9
B2

–28.7

B4

–34.0

C6

B2

59.6

C5

5,6-C2B8H111–

–40.7

B4

4d

–32.2

B2

–38.7

B2, B4
C6

–39.4

–50.2

–43.7

–40.7

B2, B4

B1

B1

B1

δ / ppm

6-CB9H121–

124.8

62.7

25.6

35.6

NMR

B type

11B

4c

C7, C8

49.2

C7

7-CB10H13–

3c

43.6

C7

7-CB10H122–

3b

16.9

C7

δ / ppm

7-CB10H113–

C type

13C

3a

No. Compound description

3.4–3.5

–2.5,
–2.7

–4.4

–3.9

–2.5

–4.1

–2.4

–3.6

–4.5

–3.3

3.2
3.1–3.3
icosahedral BH 1.9–2.9

icosahedral CH

icosahedral BH 2.3–2.8

icosahedral CH

icosahedral BH 2.2–2.8

icosahedral CH

μ-H

μ-H

μ-H

μ-H

μ-H

μ-H

μ-H

μ-H

μ-H

δ / ppm
icosahedral BH 2.4–3.0

NMR

H type

1H
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NMR

icosahedral C 55–56

68.4
54.3, 63.0

C1, C1’
C2, C2’

1,1’-(CH2)-bis(ortho-carborane)

3,3’-(BH)-bis(ortho-carborane)

1,1’-(BH)-bis(ortho-carborane)

6b

6c

6d

4.4

–3 to –18

icosahedral B

BH

70.6

19.1, 20.8
29.2

CH2CH2
C1, C1’
C1, C1’
CH2CH2CH2

CH2CH2CH2

1,1’-(CH2)2-bis(orthocarborane)

3,3’-(BH)2-bis(ortho-carborane)

1,1’-(BH)2-bis(ortho-carborane)

3,3’-(CH2)3-bis(ortho-carborane)

9,9’-(CH2BHCH2)-bis(ortho-carborane) CH2

8b

8c

8d

9a

9b

23.0

71.4

18.6

BH

BH

36.0

CH2CH2

3,3’-(CH2)2-bis(ortho-carborane)

icosahedral B

icosahedral B

71.4

86.3

105.7

–3 to –19

3 to –18

68.4

–12.3

B3, B3’
BH

108.2

–4 to –18

–4 to –18

–8.4, –9.2

δ / ppm

BH

8a

3.6

icosahedral C 53–58

CH

57.0, 59.9

C2, C2’

icosahedral B

icosahedral B

B3, B3’

3,3’,3”-(CH)-tris(ortho-carborane)

68.5, 69.1

C1, C1’

NMR

B type

11B

7

46.4

CH2

icosahedral C 54–59

CH2

δ / ppm

3,3’-(CH2)-bis(ortho-carborane)

C type

13C

6a

No. Compound description

NMR

3.0–3.8

1.0–1.2

δ / ppm

3.0–3.8

1.0–1.2

3.4–3.9

10.2

3.3–3.6

6.1

3.5–4.3

1.5

1.3–1.5
7.2

BH

0.9–2.1

8.2

10.7

2.1

1.3–1.4

CH2

CH2

BH

BH

CH2

CH2

icosahedral BH 2.1–3.3

icosahedral CH

CH

icosahedral BH 2.2–3.2

icosahedral CH

BH

icosahedral BH 2.0–2.9

icosahedral CH

BH

icosahedral BH 2.1–2.7

icosahedral CH

CH2

icosahedral BH 2.1–2.7

icosahedral CH

CH2

H type

1H
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7-CB10H122–

7-CB10H13–

3b

3c

B-B4H2
B-B5H
B-B5H
B-B5H

9, 10
1
4, 6
5

B-B5H

5

B-CB3H2

B-B5H

4, 6

8, 11

B-B5H

1

B-CB4H

B-B4H2

9, 10

2, 3

B-CB3H

B-B5H

5
8, 11

B-B5H

4, 6
B-CB4H

B-B5H

1

2, 3

B-B4H

9, 10

7-CB10H113–

3a
B-CB3H

B-B5H

9, 12
8, 11

B-B5H

8, 10
B-CB4H

B-CB4H

4, 5, 7, 11

2, 3

B-C2B3H

3, 6

1,2-C2B10H12 (ortho-carborane)

1a

Connectivity

Position

Compound description

No.

–0.65
–0.89

–0.92
–0.67

1.22

–0.99

–0.39

0.50

–0.32

1.10 to 1.11

–0.58

0.69

0.31

0.28

0.05

0.71

–0.85

0.59

–1.07

–1.06

–1.36

–1.63

Qcc / MHz

0.54

0.10

0.09

0.59

0.33

η

0.13

0.14

0.39

0.80

0.52

0.51

0.00

0.94

0.42

0.68

0.38–0.39

0.61

0.19

0.84

0.57

0.52–0.53

0.42–0.43

Table I-II Selected theoretical 11B Qcc and η values for model ortho-carborane derivatives
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B-C2B3H
B-CB4H
B-B5H
B-B5H
B-B2H

4, 4’, 5, 5’, 7, 7’, 11, 11’
8, 8’
9, 9’, 10, 10’, 12, 12’
BH

B-C2B4

6, 6’

3, 3’

B-B5H

9, 9’, 10, 10’, 12, 12’

3,3’-(BH)2-bis(ortho-carborane)

B-B5H

8, 8’

8c

B-CB4H

3,3’-(CH2)-bis(ortho-carborane)

6a

4, 4’, 5, 5’, 7, 7’, 11, 11’

B-B5H

9, 9’, 10, 10’, 12, 12’
B-C2B3H

B-B5H

8, 8’

6, 6’

B-CB4H

4, 4’, 5, 5’, 7, 7’, 11, 11’

B-C3B3

B-C2B3H

6, 6’

3, 3’

B-C2B4

3, 3’

3,3’-bis(ortho-carborane)

5a

Connectivity

Position

Compound description

No.

4.80

–1.07 to –1.08

–0.98

–1.33 to –1.37

–1.64

–1.87

–1.04 to –1.06

–0.99

–1.29 to –1.35

–1.64

–1.56

–1.07 to –1.08

–0.95

–1.29 to –1.37

–1.65

–1.71

Qcc / MHz

0.21

0.06–0.17

0.13

0.53–0.59

0.36

0.41

0.10–0.11

0.08

0.59–0.61

0.33

0.31

0.08–0.11

0.07

0.55–0.58

0.34

0.30

η

Appendix
II. REDOR measurement confirmation
The two most popular REDOR experiments, θ-REDOR and xy8-REDOR, are
evaluated by our system using self-designed measurement standards, which have a
known 13C-2H distance of 5.4 angstrom: 9-methylanthrancene(MAT) and 6.2 angstrom:
9,10-dimethylanthrancene(DMA) (Figure I-I). Using a well calibrated probe and

experimental parameters, 13C-2H heteronuclear distances in the range of 1 angstrom
to 7 angstrom may be measured via this method. DMA samples were measured first
since the shorter distance is measurable when the longer distance is determined by
the same method.

Figure I-I Structure of

13C-2H

REDOR measurement standards:

9,10-dimethylanthrancene (left) and 9-methylanthrancene
(right). (13C-yellow, 2H-green)
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II-I Theoretical simulation of REDOR dephasing curve
REDOR dephasing curves represent heteronuclear distances from 1 to 7
angstrom are simulated for qualitative distance estimation based on analytical
expressions for 13C -CD3.11 The simulation is processed by a MATLAB script shown below:
1
1
3

St
ω

2cos2ωt

2√2sin2β sinα
D

γD γ ħ/2π

Matlab file:
-------------------------------------File start---------------------------------------------------outputfilename = 'int_D3_270REDOR_distances.mat';
%change sd equation and outputfile name %
% xmin Lower limit of inner integral;
% xmax upper limit of inner integral;
% ymin Lower limit of inner integral;
% ymax upper limit of inner integral;
%%%%%%%% create dephasing curve according to direct cal.%%%%
amin=pi;
amax=2*pi;
bmin=0;
bmax=pi;
anum=500;
bnum=250;
%result= dblquad(@integrnd,xmin,xmax,ymin,ymax);
% xnum,ynum,xmin,xmax,ymin,ymax
delta_a=(amax-amin)/anum;
delta_b=(bmax-bmin)/bnum;
result=0;
t=[0:320]'*0.000125;
% t(evolution time)= Nc(num of roter cycle)*Tr(roter period)=40ms
%%%%%%%%%%%%%%%%START%%%%%%%%%%%%%%%%
all_sd =[];
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%r=[1:1:7]; % roughdistance
r=[1:0.1:7]; % finedistance
for kk=1:length(r)
D=4608/r(kk)^3 %451=2.17angstrom C-D distance;
u=t*D;
sd=zeros(size(t));
for ii=1:anum
for jj=1:bnum
a=amin + (ii-1)*delta_a;
b=bmin + (jj-1)*delta_b;
%sd = sd + int_function(a,b,t)

sd = sd + int_D3sREDOR_function(a,b,D,u)*sin(b);
% sd = sd + int_DREDOR_function(a,b,D,u)*sin(b);
% sd = sd + int_DsREDOR_function(a,b,D,u)*sin(b);
% sd = sd + int_D3REDOR_function(a,b,D,u)*sin(b);

%270 d3
%180 d
%270 d
%180 d3

end
end
sd = sd/sd(1);
all_sd = [all_sd, sd];
%sd=sd/(anum*bnum);
% figure(2)
% plot(t,sd)
%hold on
%plot(t,sd)
%ylim([0,1])
end
figure(51)
plot(t*1000,all_sd) %t(ms)
ylim([0,1])
hold on

hold off
save(outputfilename)
break

-------------------------------------File end---------------------------------------------------150

A

function

should

also

be

defined

because

a

function,

called

int_D3sREDOR_function(a,b,D,u), is called in the script.

-------------------------------------File start---------------------------------------------------function out = int_D3sREDOR_function(a,b,D,u)
% three D_methyl group undergoing fast spinning for theta_REDOR 270
w=2*sqrt(2)*D*sin(2*b)*sin(a);
out
=
1/1728*(308*ones(size(u/D))+624*cos(w*u/D)+414*cos(2*w*u/D)+248*cos(3*w*
u/D)+108*cos(4*w*u/D)+24*cos(5*w*u/D)+2*cos(6*w*u/D));
% u=Nc*Tr*D t=Nc*Tr so t=u/D
-------------------------------------File end----------------------------------------------------
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II-II Synthesis schemes of measurement standards
Standard compounds with fixed distances were synthesized in our lab, the
synthesis schemes are shown below in Scheme I and Scheme II.117,118 Sample
contains 100% labelled molecules have their neighbor molecules close enough for
inter-molecular distance measurement, while samples that diluted by natural
abundant molecules (5% labelled) only the intra-molecular distances are
measurable by REDOR.
The synthesis of labelled MAT is relatively straightforward as a one pot two
steps reaction. During each step, the n-BuLi was added to the ice water cooled
reaction flask drop-wisely before the addition of CH3I (in the first step) or D2O (in
the second step). But, unexpectedly, the same synthesis method was failed for
labelled DMA. A one pot one step synthesis was then discovered by reacting the
same reactant 9,10-dibromoanthracene, as in MAT synthesize, with a mixture of 1:1
vol/vol

13CH I
3

and CD3I after the addition of n-BuLi. Statistically, product with two

identical isotopic labels, such as 13CH3-13CH3 and CD3-CD3, are both taken 25% of the
yield, while product contains only both isotopic labels 13CH3-CD3 are obtained 50%.
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II-III REDOR measurement of standards
The REDOR experimental repeat time is extremely long due to the long T1 of
DMA, a small compound, calledα,γ-Bisdiphenylene-β-phenylallyl (BDPA) free radical,
was applied to the measurement standard samples. The T1 relaxation time improved
from 3.4 s and 30.1 s to 0.01 s and 1.16s when DMA doped with 0.25% BDPA (Figure
II-I).119 Comparing the results of the 100% labelled DMA with and without the
addition of BDPA, the dephasing corresponding to 3.5 angstrom (blue dash line) the
13C-2H

distance, fell in at the same curve. The consistent results were also obtained

for the 5% labelled DMA, corresponding to a predicted distance of 6.2 angstrom
(green dash line), with and without DBPA (Figure II-II). So, BDPA has no effect for
the heteronuclear distance when it is added to DMA samples to reduce their
relaxation time.
The inter-molecular distance of ~3.5 angstrom corresponding to π-π stacking
can be measured from the 100% labelled sample, while the 5% labelled DMA sample
can be used to determine the intra-molecular distance of 6.2 angstrom. as the green
dashed guideline. Solid lines are corresponding to

13C-2H

REDOR distance of 1to 7

angstrom.
The BDPA doped samples were used to evaluate the two versions XY8 and single
pulse REDOR experiments. The 100% and 5% labelled DMA showed consistent
results from both the XY8-REDOR and the single pulse REDOR measurements
(Figure II-III). Therefore, a

13C-2H

distance up to 6 angstrom can be determined by

either measured.
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Scheme II synthesis of 9-13C, 10-C2H3-dimethylanthrancene.

Scheme I Synthesis of 9-13C, 10-2H-methylanthrancene.

Figure II-I T1 curv
ve of 100% labelled DMA (top) aand
100% DMA
D
with 2.5%
2
BDPA
A (bottom).
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Figure II-III REDOR deephasing cu
urve of 100
0% and 5%
% labelled
DMA with and withou
ut 2.5% BD
DPA.

Figure II--III Dephasing curve of
o 100% DM
MA (left) an
nd 5% DMA
A (right) wiith 2.5%
BDPA obttained from
m XY8-REDOR and sin
ngle pulse REDOR.
R
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