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ABSTRACT OF THE DISSERTATION 

Using Solid-State Nuclear Magnetic Resonance to Relate Chemical Structure With the 

Function of Materials 

 

by 

Kevin R. Chalek 

Doctor of Philosophy, Graduate Program in Chemistry 

University of California, Riverside, June 2021 

Dr. Leonard J. Mueller, Chairperson 

 

Solid-state Nuclear Magnetic Resonance (ssNMR) combined with x-ray diffraction and 

first-principles computational chemistry, in a method called NMR-assisted 

crystallography, is used to determine the chemical structure of a variety of materials. 9-

ter-butyl-anthracene ester (9TBAE) in molecular crystal nanorods can undergo a 

photodimerization that causes expansions of up to 15%. The expansion is a result of the 

formation of a metastable crystalline intermediate, the solid-state reacted dimer (SSRD). 

A molecular level understanding of 9TBAE using NMR-assisted crystallography is 

required to fully explain this expansion.  

ssNMR experiments on aligned nanorods and powder samples of 9TBAE allows for the 

observation that the nanorod expansion is a result of a rotation of the unit cells from 

monomer to SSRD. Additionally, the magnitude of expansion or contraction during the 

reaction can be predicted if the initial orientation of the unit cell with respect to the 

nanorod axis is known. These results are confirmed by diffraction and computational 

methods. 
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ssNMR is used to reveal the structure of a few different materials in this work. Silica 

surface sites, where a lack of sensitivity in NMR makes observation of non-covalent 

bonding difficult, are observed using Dynamic Nuclear Polarization – Surface Enhanced 

NMR Spectroscopy (DNP-SENS). Thermally sensitive monomers can also be 

characterized and the negative thermal expansion they undergo can be described on a 

molecular level. 

Finally, a statistical method is described that can be used to discriminate between UV-Vis 

data of 1:1 and 1:2 host-guest complexes. Statistical methods are also used to compare 

different non-uniform sampling (NUS) methods in NMR. 
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Chapter 1 – Introduction and Background to Nuclear Magnetic Resonance 

 

1.1 Overview 

The principles of Nuclear Magnetic Resonance (NMR) have been studied and written 

about extensively in several essential texts.1-3 Nuclei in a sample are shielded by different 

amounts based on their local structure, resulting in different NMR frequencies. These 

frequencies are then used to reveal the chemical structure of the sample.4 Other basic 

concepts will be covered below in greater detail to introduce the concepts and theories that 

will be necessary for understanding the following work.   

 

1.2 NMR Basics 

The intrinsic angular momentum of a 

particle is its spin (I). The spin of a nucleus is 

determined by the number of protons and 

neutrons it contains and can have integer or 

half-integer values. A nucleus with a non-

zero spin is considered NMR active and will 

result in (2I+1) spin states. Two of the most studied NMR active nuclei, 1H and 13C, are 

both spin-1/2 and form two spin states (α and β) of different energies when placed in an 

external magnetic field B0 (figure 1.1). This Zeeman splitting results in an energy 

difference of ΔE (equation 1.1) which is determined by the gyromagnetic ratio (γ) of the 

Figure 1.1: Zeeman splitting of a spin-1/2 nucleus in 

a magnetic field of strength B0 
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individual nucleus, the reduced Plank’s constant (ħ), and the strength of the external 

magnetic field (equation 1.1). 

∆𝐸 =  𝛾ħ𝐵0  =  ℎ𝜈                                                               (Equation 1.1) 

For a quantum mechanical treatment of this system, we refer to the Hamiltonian in 

equation 1.2 where ÎZ is the angular momentum operator. The angular momentum operator 

operates on the eigenfunctions α and β in equations 1.3 and 1.4. The Hamiltonian operates 

on α and β in equations 1.5 and 1.6. Finally, the energy difference found in equation 1.7 is 

the same as equation 1.1. 

Ĥ0 = −𝛾𝐵0Î𝑍                                                                        (Equation 1.2) 

Î𝑍𝛼 =
ħ

2
𝛼                           Î𝑍𝛽 = −

ħ

2
𝛽                                            (Equations 1.3 and 1.4) 

Ĥ0𝛼 = −
1

2
𝛾ħ𝐵0 = 𝐸(𝛼)    Ĥ0𝛽 =

1

2
𝛾ħ𝐵0 = 𝐸(𝛽)                         (Equations 1.5 and 1.6) 

∆𝐸 = 𝐸(𝛽) − 𝐸(𝛼) =  𝛾ħ𝐵0                                                                          (Equation 1.7)

 This difference in energy between the two spin states effects the sensitivity of the 

experiment because the population difference between the two states depends on their 

difference in energy according to equation 1.8, where ΔP is the population difference, kB 

is the Bolztmann constant, and T is the temperature of the sample. 

                                                                                          (Equation 1.8)   

 All the magnetic moments of the specific nuclei being observed contribute to the 

bulk magnetization. Bulk magnetization of spins in the z-direction corresponds to the 

population difference between the two spin states. Spins have a preference to be aligned 

with the external magnetic field B0 so the vector sum over all magnetic moments is aligned 

𝛥𝑃 =
−𝛥𝐸

𝑒𝑥𝑝𝐾𝛽∗𝑇  

 

𝛥𝑃 =
−𝛥𝐸

𝑒𝑥𝑝𝐾𝛽∗𝑇  
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along the z-axis in the magnet. The coil in the actual instrument used to measure this bulk 

magnetization, however, is in the xy-plane. Radiofrequency pulses of a broad frequency 

are applied to the nuclei, the magnetization that is resonant with those pulses are rotated 

into the xy-plane, and the bulk magnetization can be observed.  

The strength of the magnetic field, identity of the nucleus, and temperature 

determine the sensitivity of the NMR experiment being conducted. Additionally, there is a 

lack of abundance of certain spin-1/2 nuclei of interest. 13C is only 1.11% abundant, 15N 

0.36% abundant, and 29Si 4.67% abundant. The lower the abundance, the less the nuclei 

can contribute to the bulk magnetization. However, it is worth mentioning that 1H is 99.9% 

abundant and has the highest gyromagnetic ratio of any nuclei.3 All of this leaves NMR as 

a relatively insensitive technique. 

NMR signal is digitized as the Free Induction Decay (FID) in the time domain, 

oscillating according to the resonant frequencies of the nuclei of interest and decaying 

according to Transverse Relaxation (T2) as the bulk magnetization leaves the xy-plane.3,5-

8 The Fourier Transform (equation 1.9) is applied to convert the signal into the frequency 

domain.9 This process is shown visually in figure 1.2 for a single resonant frequency 

centered at 200 Hz.  

𝐹(𝜈) = ∫ 𝑓(𝑡)𝑒−𝑖2𝜋𝜈𝑡 𝑑𝑡
∞

−∞
                                                                            (Equation 1.9) 
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 Observable NMR signal is a measure of the electron shielding σ around individual 

nuclei and then reported as chemical shift (equation 1.10). Chemical shift δ is the shielding 

of the nuclei of interest in a sample compared against a reference compound and is reported 

in ppm (equation 1.11).  

𝐵𝑍 = (1 − 𝜎)𝐵0                                                                                            (Equation 1.10) 

𝛿 = (𝜎𝑟𝑒𝑓 − 𝜎𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡) ∗ 106                                                                        (Equation 1.11) 

A typical NMR spectrum in the frequency domain will have multiple peaks corresponding 

to the resonances generated by the shielding surrounding each individual atom of the same 

type of nucleus in a molecule. Chemical shifts contain useful information about local 

structure and are often the basis of more complicated NMR experiments. 

 

1.3 Solid-State NMR (ssNMR) 

 In an NMR experiment where a solid powder is being observed, all the individual 

orientations of the crystallite will be different with respect to the magnetic field. This 

results in a powder pattern, where each resulting peak overlaps slightly to form a very broad 

Figure 1.2: The Fourier Transform for one resonant frequency at 200 Hz.  

 

Figure 1.3: The Fourier Transform for one resonant frequency at 200 Hz.  
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peak, making determination of the chemical shift difficult (figure 1.3, left). This line 

broadening is referred to as the Chemical Shift Anisotropy (CSA). If the solid powder were 

dissolved in a solution, the sample’s motion increases dramatically, averaging out all the 

differences in the possible states of the bulk sample, resulting in sharp isotropic peaks 

(figure 1.3, right).  

 

The CSA powder pattern can be described in terms of the principal values of the CSA 

tensor. Tensors can be defined by a few different conventions, of which we will use the 

IUPAC convention with three principle components υ11, υ22, υ33, where υ11 ≥ υ22 ≥ υ33 and 

the average of the principle components is the isotropic chemical shift. 

 

Figure 1.3: Comparison of CSA pattern characteristic of static solid-state NMR and the sharp isotropic signal 

characteristic of solution-state NMR. Adapted from Duer.1
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However, if the solid powder 

sample is placed at an angle of 54.8° 

relative to the applied magnetic 

field and spun (figure 1.4), a 

process called Magic Angle 

Spinning (MAS), then the bulky 

anisotropies disappear, and the center 

isotropic peak corresponds to the chemical 

shift.10,11 There are also spinning sidebands spaced at the spinning frequency from the 

center peak which get smaller and further away as the spinning speed increases (figure 1.5). 

The benefit of ssNMR over solution-state NMR is the information contained within these 

anisotropies beyond the chemical shift. While being able to determine the structure of a 

solid without the interference of a solvent, these anisotropic interactions include through-

space dipolar interactions that can be used to ascertain structures more accurately.4,12  

 The dipolar interaction in the solid-state can also be utilized by performing cross 

polarization (CP).13,14 CP and MAS are combined into CPMAS, a technique which is very 

common in ssNMR experiments, allowing for increased sensitivity.11 The pulse sequence 

(figure 1.6)15begins with a 90° pulse to bring 1H magnetization into the xy- plane. This 

Figure 1.4: ssNMR sample in a rotor spinning at the 

magic angle. Reprinted from Duer.1
 

Figure 1.5: Spinning sidebands at 2 kHz away from the center peak. Adapted from Duer.1 
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magnetization is transferred to a different nucleus of interest by dipolar couplings and 

matching resonant frequency through a spin lock. Magnetization can only be transferred 

using CP through nuclei that have a dipolar coupling, meaning they are close together in 

space. Low abundance nuclei mentioned above, such as 13C, 15N, and 29Si, can have their 

signal enhanced, in theory, by the ratio of gyromagnetic ratios between 1H and the nuclei 

of interest. 

 

 

 

 

 

 

 

 

 

1.4 Conclusion 

 This brief introduction to common NMR topcis presents a number of ideas that will 

be referenced in the following chapters, specifically the technique of CPMAS and the 

associated theory behind it. Subsequent chapters will show established ssNMR methods in 

determining chemical structure and relating it to function, with more powerful techniques 

being introduced. 

 

Figure 1.6: The pulse sequence of the cross polarization experiment.  
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Chapter 2 – Photomechanical Expansion of 9TBAE Nanorods Using NMR-assisted 

Crystallography 

 

2.1 Introduction 

Molecular crystals have been found to have a variety of effects when exposed to 

light. Among these photomechanical effects are bending, twisting, and rotations1-8, which 

are generally a result of an incomplete reaction of the bulk material: the shape change is a 

result of the difference in structure between reactant and product. Photomechanical effects 

can also be obtained by a single-crystal-to-single-crystal transformation9-13, where 

molecules within the crystal lattice shift and create large-scale changes in the shape of the 

crystal. This transformation is worth studying because it can generate work via expansion 

of the crystal caused by exposure to light; essentially photons are being converted into 

mechanical work. 

 9-tert-butyl-anthracene ester (9TBAE) has been studied as an example of a crystal-

to-crystal reaction resulting in expansion along its rod axis of about 8%. 9TBAE undergoes 

Figure 2.1: The photodimerization reaction of 9TBAE from the monomer to SSRD. 
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a [4 + 4] photodimerization from a monomer to a metastable crystalline intermediate, the 

solid-state reacted dimer (SSRD), as depicted in figure 2.1. While the outcome of the 

reaction is known, the mechanism of the expansion requires further study. The unit cell 

volume and knowledge of the crystal structures produced predictions that 9TBAE nanorods 

should shrink by 1.2% when irradiated instead of expanding as observed previously.14,15  

 Single crystals of the bulk material of 9TBAE shatter when irradiated due to the 

internal strain of the expansion. Therefore, it is necessary to focus on smaller nanorod 

single crystals and powder samples to monitor the reaction. This justifies the use of ssNMR 

as ssNMR has been previously used to study photomechanical transformations and single-

crystal-to-single-crystal reactions.16,17 ssNMR is combined with two other structural 

determination methods, X-ray diffraction and first-principles computational chemistry, in 

a method called NMR-assisted crystallography.18-21 These methods combined are used to 

develop a detailed model of the photomechanical reaction to accurately predict the size and 

mechanism of the expansion of the 9TBAE nanorod.  

 

2.2 Experimental Methods 

Since single crystals of bulk 9TBAE shatter when irradiated, many similarly 

oriented nanorods are required to perform the expansion. A single axis of alignment of 

many nanorods will also lead to higher resolution. Previous studies using powder X-ray 

diffraction, ssNMR, and SEM images confirm that the 9TBAE photodimerization can 

occur in anode aluminum oxide (AAO) templates so nearly all the nanorods expand in the 

same direction in the pores of the template. 9TBAE nanorods are grown in an AAO 
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template as previously described.15 NMR studies can also be conducted on the single 

crystal monomer to use as a reference for the orientation of the nanorods in the magnetic 

field. 

9TBAE nanorod experiments were conducted at 9.4 T (400.37 MHz 1H and 100.68 

MHz 13C) on a Bruker AVANCE III spectrometer equipped with a homebuilt double 

resonance solid-state NMR probe fitted with a static flat coil. The bulk ensemble of 

uniformly oriented single crystals of 9TBAE grown on the AAO template were placed in 

the flat coil NMR probe with their rod axes aligned with the magnetic field and the template 

perpendicular to the field (figure 2.2). For single crystal experiments, the single crystal was 

placed inside the coil. The coil was wound 4 turns from 2 mm wide copper flat wire with 

dimensions of 14 mm x 14mm x 3mm. CP was implanted using a spin lock field of 25 kHz 

on 1H and a ramped field of 21-29 kHz on 13C with a 2 ms contact time. The probe was 

shimmed on a static sample of adamantane powder and referenced indirectly to neat TMS 

via adamantane with the downfield-shifted peak set to 38.48 ppm.22  

In order to increase sensitivity, two selective 13C labels of 9TBAE powder were 

prepared so the 1.11% natural abundance of 13C could be increased to nearly 100%. The 

first was a 13C labeled on the t-butyl groups (t-bu labeled) and the second on the carbonyl 

groups (carbonyl labeled). 10% 13C labels were also prepared for the t-bu labeled 9TBAE. 
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First-principles calculations can be used to generate structures and calculate the 

corresponding chemical shifts. These can then be compared to experimentally obtained 

isotropic chemical shifts and the useful chemical shift anisotropies uniquely found in 

ssNMR experiments. First-principles solid-state structures and chemical shifts were 

calculated first using the Quantum Espresso (QE) software package23 and chemical shift 

calculations were done using Gaussian09 at the PBE0/6-311+G(2d,p) level24-26. 

Benchmarking studies have shown the agreement between experimental and 

computationally predicted chemical shifts to be within root-mean-square-errors of 1.4 ppm 

Figure 2.2: Flat coil NMR probe and a close-up of the AAO template being inserted into the flat coil. 
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for isotropic shifts, 3.2 ppm for aliphatic and aromatic shift tensor components, and 9.2 

ppm for tensor components of sp2 carbons directly bonded to oxygen and nitrogen atoms.27 

The crystal structures of the monomer and SSRD have been determined previously 

and the experimentally measured isotropic chemical shifts in the monomer and SSRD and 

the chemical shift tensors in the SSRD showed good agreement with the computationally 

predicted shifts.14 Select tensor components of the 9TBAE monomer must be measured 

and compared similarly to the first-principles calculated values.  

Chemical shift tensors were measured experimentally using a combination of the 

TOSS-t1-deTOSS experiment (figure 2.3) developed by Kolbert and Griffin28 and the 

extended CSA amplification (xCSA) experiment (figure 2.4) developed by Hung and 

Gan.29 Both experiments are 2-Dimensional where the sideband-free isotropic chemical 

shifts appear on one axis and the associated anisotropies appear on the other. The TOSS-

t1-deTOSS experiment is used when the anisotropies are 2-3 times greater than the MAS 

rate and the xCSA experiment is used for anisotropies comparable to or smaller than the 

MAS rate. Both sequences were modified as previously described.14 

 TOSS-t1-deTOSS experiments were performed at 14.1 T (600.01 MHz 1H and 

150.87 MHz 13C) on a Bruker Avance I spectrometer equipped with a 4 mm double 

resonance MAS probe with samples spinning at 2 kHz. CP was implemented using spin 

lock fields of 38 kHz on 13C and a ramped field of 36-40 kHz on 1H with a 2 ms contact 

time. Other RF powers were 83 kHz on 1H for excitation and decoupling and 50 kHz on 

13C for π and π/2 pulses.  
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xCSA experiments were performed at 9.4 T (400.37 MHz 1H and 100.68 MHz 13C) 

on a Bruker AVANCE III spectrometer equipped with a 4 mm double resonance MAS 

probe with samples spinning at 3.125 kHz. CP spin lock fields were 41 kHz on 13C and 

linearly ramped on 1H from 36-42 kHz with a 2 ms contact time. Other RF powers were 

83 kHz on 1H for excitation and decoupling and 50 kHz on 13C for π and π/2 pulses. 13C 

chemical shifts were referenced indirectly to neat TMS via an external solid-state sample 

of adamantane with the downfield-shifted peak set to 38.48 ppm.22 Tensor components 

were determined by a fit of the sideband instensities using Herzfeld-Berger analysis30 

within Bruker BioSpin’s Topspin 3.0 processing software, which relates the intensities of 

Figure 2.3: The modified TOSS-t1-deTOSS pulse sequence.14,28 
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the spinning sidebands to the CSA tensor components. The isotropic center band and 

sideband traces were summed before Herzfeld-Berger analysis for the xCSA experiments. 

 

 

 

 The chemical shifts and dipolar tensors of 9TBAE can be used to obtain the 

absolute orientation of a 9TBAE crystal with respect to the magnetic field using 

TensorView in Mathematica.31,32 Since the nanorods in the AAO template are aligned in 

one direction, we can also match the chemical shifts in that direction with computationally 

obtained chemical shifts. As the unit cell rotates, the chemical shifts change in some 

knowable way. The orientation in the template can then be confirmed by Grazing Incidence 

Small Angle X-ray Scanning (GIWAXS). Orientation of the unit cell is defined by Euler 

angles β and γ.33 

 

 

Figure 2.4: The xCSA pulse sequence14,29 
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2.3 Results and Discussion 

The TOSS-t1-deTOSS experimental spectrum presented in figure 2.6 was 

conducted as previously described on the monomer powder sample to extract CSA tensors 

of the carbonyl carbon (C15). The slice obtained (figure 2.7) corresponds to a pseudo one-

dimensional ssNMR spectrum at slow spinning speeds. The fit of the sideband intensities 

was interpreted using Herzfeld-Berger analysis to give the three anisotropic chemical shifts 

presented in table 2.1, which are all in reasonable agreement with the theoretical chemical 

shifts. 

 

 

Figure 2.5: Numbering convention used for the 9TBAE monomer 
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Figure 2.6: The TOSS-t1-deTOSS spectrum of 9TBAE monomer powder with C15 labeled. The isotropic 

chemical shifts appear sideband free on the vertical axis, while the anisotropies appear on the horizontal 

axis. 
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Figure 2.7: 1D horizontal trace of the TOSS-t1-deTOSS spectrum corresponding to C15 (blue) used for the best fit of the 

intensities (red).  

 The xCSA experiment presented in figure 2.8 was conducted as previously 

described on the 9TBAE monomer powder sample. CSA tensors of the tert-butyl group 

made of the quaternary carbon (C16) and the methyl carbons (C17, C18, and C19) were 

extracted by summing the obtained one-dimensional slices and analyzing the fit of the 

sideband intensities using Herzfeld-Berger analysis (figure 2.9). The anisotropic chemical 



20 
 

shifts are presented in table 2.1, which are all in reasonable agreement with the theoretical 

chemical shifts.  

 

 

Figure 2.8: The xCSA spectrum of 9TBAE monomer powder with C16 and the methyl carbons (C17. C18, and C19) 

labeled. The isotropic chemical shift is on the horizontal axis while the anisotropies appear on the vertical axis. 
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 Experimental Shifts Theoretical Shifts 

Iso σ11 σ22 σ33 Iso σ11 σ22 σ33 

C15 169.9 260.7 135.0 114.1 171.4 262.2 144.9 107.1 

C16 83.2 112.8 106.7 30.2 83.3 115.4 105.5 28.9 

C17-19 28.6 37.9 27.0 20.7 28.6 36.5 26.8 22.4 
Table 2.1: Experimental isotropic and anisotropic chemical shifts of the 9TBAE monomer in ppm. C17-19 is reported as 

the average of the methyl carbon chemical shifts. 

 

 These additional chemical shift tensors being in good agreement with the first-

principles calculated shifts confirm the accuracy of the previously obtained crystal 

structure of the 9TBAE monomer and SSRD.14  

 

 

 

Figure 2.9: Sum of 1D vertical center and sideband traces of the xCSA spectrum corresponding (blue) used for the best 

fit of the intensities (red) for C15 and the methyl carbons. 
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A large single crystal of t-

bu labeled 9TBAE was prepared. 

The 13C ssNMR spectrum 

is presented in figure 2.10. There 

are two magnetically inequivalent 

t-bu groups centered around 70 

and 100 ppm that correspond with 

the asymmetric unit relative to the 

magnetic field. The three methyl 

carbons are magnetically equivalent 

owing to their fast rotation about the ester bond. A predicted spectrum was generated as a 

function of the unit cell orientation in the lab frame defined by Euler angles β and γ.33 The 

orientation of the single crystal in the magnetic frame was determined to correspond with 

the crystal frame being rotated from the laboratory frame by Euler angles β = 19.2° and γ 

= 73.8°.   

The 13C ssNMR spectra of the 9TBAE monomer nanorods in an AAO template are 

presented in figure 2.11, with the 10% t-bu labeled sample on top and the 100% t-bu labeled 

sample on the bottom. The NMR resonances of the nanorod sample are broader than those 

of the single crystal. The 10% spectrum shows that this broadening is not a result of 

Figure 2.10: 13C ssNMR spectrum of a bulk single crystal of t-bu 

labeled 9TBAE (black) and the best fit spectrum (red). 



23 
 

intermolecular couplings since it 

shows the same amount of 

broadening compared to the single 

crystal. Rather, the broadening can 

be reproduced by assuming a 

Gaussian distribution of alignment 

angles with a standard deviation of 

±3.6°. The best fit of the monomer 

corresponds to a rotation of the unit 

cell along the crystallographic b axis 

by Euler angles β = 84.4° and γ = 

180°. 

 The evolution of the 

photodimerization reaction using 

ssNMR is shown in figure 2.12. The 

spectrum of the initial monomer 

containing template is taken, then the 

template is exposed to UV light in 

increments of 5 minutes and a spectrum is 

taken after each increment until the photodimerization is complete after 30 total minutes 

of exposure. The chemical shift corresponding with the quaternary carbon goes from 

Figure 2.11: 13C ssNMR spectrum of similarly oriented t-bu 

labeled 9TBAE monomer nanorods in an AAO template with 10% 

labeled on top and 100% labeled on bottom. 

Figure 2.12: 13C ssNMR spectra of similarly oriented t-bu 

labeled 9TBAE nanorods in an AAO template during 

progressive 5-minute increments of irradiation. 



24 
 

centered at around 80 ppm to centered at around 95 

ppm. This transition from monomer to dimer is 

consistent with a two-state single-crystal-to-

single-crystal reaction.  

 The spectrum of the fully converted to 

SSRD nanorods is shown in figure 2.13. The best 

fit of the monomer corresponds to a rotation of the 

unit cell along the crystallographic a axis by 

Euler angles β = 144.5° and γ = 90.0°. The 

GIWAXS data agreed with the ssNMR results, with alignments differing by only 5.6° for 

the monomer and by 2° for the dimer.  

To further confirm the orientations determined from the t-bu label, a 13C ssNMR 

spectra of 9TBAE monomer and SSRD with a carbonyl carbon (C15) label in an AAO 

template were also taken and are presented in figure 2.14. Both the carbonyl peaks of the 

monomer (left) and SSRD (right) are within the expected range given by the theoretical 

calculations and are in good agreement with the results obtained from the t-bu labeled AAO 

template experiments. Despite every synthetic step being confirmed by solution-state NMR 

showing clean carbonyl-labeled 9TBAE powder, a difficult to remove impurity emerged 

on the AAO template spectra. Given that the impurity peak continues to grow and the 

carbonyl peak begins to diminish upon further UV irradiation, the impurity could 

Figure 2.13: 13C ssNMR spectrum of similarly oriented t-

bu labeled 9TBAE SSRD nanorods. 



25 
 

correspond to a subsequent photoproduct of 9TBAE. The impurity could also correspond 

to a minor orientation that is favored upon irradiation.  

Given the crystal orientations for the monomer and SSRD of 9TBAE, the 

mechanism of the expansion can now be explained. First on a molecular level, figure 2.15 

shows how the photodimerization 

reaction is consistent with the 

topochemical principle; 

dimerization occurs with minimal 

disruption to the crystal 

packing/ester side chain 

conformations.34-36 It also shows 

how the motion of the reaction brings the anthracene rings into alignment, as seen on the 

left in the figure, but bends the planes out to accommodate the new sp3 hybridization, as 

seen on the right, opening up space above and below the dimers that allows nearby pairs to 

Figure 2.14: 13C ssNMR spectrum of similarly oriented carbonyl labeled 9TBAE monomer (left) and SSRD (right) 

nanorods. The asterisk indicates an impurity in the sample 

Figure 2.15: Two views of the 9TBAE monomer (blue) and dimer (red) 

overlapped.  
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stack more efficiently. The anthracene of the monomer becomes the protruding phenyl 

groups of the dimer which are responsible for the expansion. 

 On a macroscopic level, figure 2.16 shows the orientations of the 9TBAE monomer 

and SSRD relative to the nanorod axis along the ac and ab planes. It can be seen from the 

ac plane that the formation of the SSRD results in an expansion along the nanorod axis, 

while the ab plane shows a contraction perpindicular to the nanorod axis. To quantitatively 

measure the expansion of the nanorod, we tracked the z-displacement of a point on the 

nanorod z-axis on both the monomer and dimer. This model shows an expansion of 7.4% 

along the nanorod axis, which is in good agreement with the experimentally observed value 

of 8%. The model shows a contraction of 9.5% along the diameter of the rod. 

 

 A maximum expansion of 9% could be obtained for 9TBAE monomer nanorods 

arranged at an optimal angle of the crystallographic c axis 15° off the nanorod axis. This 

Figure 2.16: Orientations of the monomer and SSRD unit cells relative to the nanorod axis. Depending on the 

orientation, the photodimerization reaction can result in a net expansion along the nanorod axis (left) or a contraction 

perpendicular to the nanorod axis (right).  
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orientation aligns the expansion depicted in figure 2.16 along the rod axis. A maximum 

contraction of 9.5% is depicted on the right of figure 2.16, where the crystallographic b 

axis is aligned along the nanorod axis.  

 

2.4 Conclusions and Future Work 

 For the first time, we have determined how a photochemical reaction has shifted  

molecular alignment and packing in a photoreactive crystal. We can predict an expansion 

of 7.4% for the 9TBAE crystal along the nanorod axis which is in good agreement with the 

experimentally observed value of 8%. 

 In terms of future work, for the 9TBAE nanorods specifically, uncertanties have 

generally been a result of small variations that are possible in the growth direction of the 

pores of the AAO template, which is responisble for the line broadening in the template 

spectra. This is also one possibility for the source of the impurity in the carbonyl labeled 

template samples. To get a more uniform sample growth would require more uniform 

channels that may be found in a different template. Attempts at nanorod growth on different 

templates has so far proven to be not as efficient as the currently used AAO templates.  

 The impurity in the carbonyl labeled template sample seems to grow after further 

irradiation, indicating the possibility of a possible subsequent photoproduct after the dimer 

is formed. While this possibility is not indicated by any of the other unlabeled and t-bu 

labeled spectra, it is worth exploring further as well.  

 Based on this work it is clear that the photochemical response of 9TBAE is not just 

dependent on the molecular shape, but also on the unit cell orientation. Additionally, 
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knowledge of the relative orientations of 9TBAE monomer and dimer unit cells have made 

it possible to predict the magnitude of expansion or contraction during the reaction. It is 

then theoretically possible that similar materials could be synthesized that will result in a 

specific desired motion upon photoreaction. Once the crystal structures of the monomer 

and dimer are known, a correlation can be established between crystal orientation and the 

movement of the crystal using this combined ssNMR, diffraction, and computation 

method. 
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Chapter 3 – DNP-SENS of Silica Surfaces to Probe Non-Covalent Recognition of 

Substrates 

 

3.1 Introduction 

 Non-covalent recognition of substrates has been incorporated in the solution phase 

but is left unexplored on solid surfaces of porous materials. The design of these porous 

materials is limited by the lack of characterization of species tethered on their surfaces and 

their counterparts in solution. ssNMR has been well established as a method of providing 

detailed information on the structure and dynamics of these heterogeneous systems. As 

previously discussed, however, ssNMR is generally limited by its lack of sensitivity. 

Dynamic Nuclear Polarization – Surface Enhanced NMR Spectroscopy (DNP-SENS) has 

been recently developed and is shown to improve the sensitivity of ssNMR experiments.1-

3 This method has also been applied to the study of surface sites of porous materials.4-9  

 SBA-15 is a silica nanoparticle support commonly used 

in these types of studies. SBA-15 is a mesoporous silica matrix 

which allows for modification at the surface and with hexagonal 

pores of 6-8 nm. The pore size allows for interaction with 

solvent containing radical, the source of the polarization 

enhancement in DNP. The atomic level structure of SBA-15 is 

depicted in figure 3.1, where the siloxane groups are the bulk 

of the material and the hydroxyl groups can be modified on the 

surface10-12. Figure 3.2 represents the pores as white space and 

Figure 3.1: Atomic level 

depiction of SBA-15, where 

siloxane make up the bulk and 

hydroxyl groups on the 

surface. 
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the silica walls as the grey area. The added functionalized groups occupy the space in the 

pores. 

 Surfaces of materials play an important role in their performance as heterogeneous 

catalysts. Catalysts with an SBA-15 support have a variety of applications, such as drug 

delivery and biodiesel production.13-16 Knowledge specifically at the surface, not of the 

bulk property, is necessary for development of functional materials including 

heterogeneous catalysts. Spectroscopic methods such as UV-VIS or Rama Spectroscopy 

give average structural properties dominated by the bulk structure without giving atomic 

level characterization of the surface17. ssNMR, however, is a method that probes local 

structures since NMR is a technique sensitive to the nearby environment of the observed 

nuclei. Many previous studies use DNP on solid surfaces in materials, but none have 

Figure 3.2: Straight on view of the pores in SBA-15. 
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explored non-covalent bonding on those surfaces4-9. The enhancement provided by DNP 

should provide for the sensitivity and selectivity necessary to observe these interactions. 

 

3.2 Experimental Methods 

 General DNP experiments enhance NMR signal using a similar calculation as Cross 

Polarization but relies on different mechanisms of polarization transfer. Instead of using 

the increased gyromagnetic ratio of hydrogen, DNP uses the gyromagnetic ratio of the 

electron. The source of the electron is typically from a radical added to the solid sample 

through a solvent. This results in a theoretical enhancement of NMR signal of hydrogen of 

up to 660. Enhancement, however, is limited by several factors including the type of 

sample, the polarization agent used, and the magnetic field strength of the magnet. DNP 

experiments are also conducted around 100 K as a middle ground between the maximum 

possible polarization transfer and maximum hardware capabilities.9 As such, DNP also 

requires a source of high power microwaves (MW), an MAS probe capable of operating at 

cryogenic temperatures, and a method of transporting microwaves to the sample in the 

probe, in addition to a DNP-NMR magnet. Nitrogen gas is used as the bearing and drive 

gases to spin the rotor, and a third gas line cools the sample.18 The source of the MW is 

typically a gyrotron with frequencies of the wave dependent on the size of the magnetic 

field of the magnet. The gyrotron output beam is transferred to the probe via a corrugated 

waveguide, and an additional waveguide focuses MW irradiation onto the spinning 

rotor.1,3,9,19 
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 DNP experiments are performed on a 

Bruker Biospin solid-state DNP-NMR 

spectrometer with a 9.4 T magnet (frequencies of 

400 MHz for 1H, 100.7 MHz for 13C, 79.5 MHz for 

29Si, and 40.6 MHz for 15N) equipped with an 

Avance III HD console and a 3.2 mm triple 

resonance MAS DNP-NMR probe. Samples are 

obtained at an MAS spinning frequency of 8 kHz 

and at 90 K. Microwaves are produced from 25 W 

gyrotron microwave source. 

 

 

 

 

 

 

 

 

 

Figure 3.3: The gyrotron magnet used in 

these experiments at the Materials Research 

Lab at UCSB. 

Figure 3.4: DNP-NMR magnet used in these experiments at the Materials Research Lab at UCSB. 
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 Additional non-DNP experiments were performed on a Bruker AVIII spectrometer 

with a 9.4 T magnet and 4 mm MAS probe spinning at MAS rates of 8 kHz at room 

temperature. CP was implemented using a spin lock field of 45 kHz on 1H, 54 kHz on 13C, 

37 kHz on 15N, and 43 kHz on 29Si. 13C chemical shifts were referenced indirectly to neat 

TMS via adamantane with the downfield-shifted peak set to 38.48 ppm.20 

 Once radical in solvent is introduced to a sample, and the microwaves are turned 

on, electron spin polarization is spread to nearby coupled nuclei, then to the bulk nuclei via 

homonuclear spin diffusion.21 This can be achieved by a variety of mechanisms. The 

polarization transfer mechanisms that must be considered in DNP are the Overhauser 

Effect (OE), the Solid Effect (SE), the Cross Effect (CE), and Thermal Mixing (TM). OE 

and SE are the dominant mechanisms when the nuclear Larmor frequency is larger than 

the EPR linewidth. This is typical of the thin linewidth found in monoradicals as the source 

of electrons. Thermal mixing is not significantly active at low temperatures. When the EPR 

linewidth is broader than the nuclear Larmor, as is the case with biradicals used in DNP 

studies of surface sites of porous 

materials, then spin polarization 

by the Cross Effect mechanism 

is initiated.22,23 Microwave 

irradiation causes an electron 

spin transition at one electron on 

the biradical and the electron 

coupled to it, while also inducing a nuclear spin transition to a hydrogen atom. Polarization 

Figure 3.5: The DNP pulse sequence 
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from the hydrogen is spread by spin diffusion through the solvent and sample of interest. 

Standard Cross Polarization can then be used to transfer polarization from the hydrogen to 

other nuclei of interest (figure 3.7).21-25  

 The selection of radical and solvent used in a DNP experiment is critical. 

Incompatible radicals or solvents can result in low enhancement or destruction of the 

sample while correct selection can result in high enhancement and massive time savings. 

An important property of the selected solvent is its ability to spready the radical evenly 

throughout a sample, which is why commonly available solvents such as water, with 

glycerol to prevent aggregation of the radical, is frequently used. Aqueous solvents, 

however, were found to be incompatible with materials with hydrophobic surfaces or 

reactive centers, so non-aqueous solvents and corresponding radicals were also developed.4 

Both aqueous and non-aqueous solvents were used to determine which would be more 

compatible with our sample. 

 The water soluble biradical TOTAPOL was developed by Song et al. to have 

effective enhancement in low temperature MAS experiments.26 However, to take full 

advantage of the mechanisms of polarization transfer, more rigid biradicals were 

developed. Sauvée et al. developed AMUPOL (figure 3.6, left) with greater DNP efficiency 

in aqueous solvents and maximum enhancements at lower temperatures.27 AMUPOL is 

now a readily available biradical for use in DNP experiments. A heavily deuterated 

aqueous solvent is also common in DNP to optimize the 1H-1H spin diffusion that spreads 

polarization throughout the solvent and sample of interest. Without a deuterated solvent, 
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polarization could build up in the solvent only.28 Based on this, the biradical AMUPOL in 

90/10 D2O/H2O as a solvent was selected for these experiments. 

 For non-aqueous solvents, Zagdoun et al. produced a study with the biradical bTbK 

in which they determined that good solvents should be inert towards both the radical and 

material of interest, should have low vapor pressure, and must be frozen at DNP 

temperatures. They found that halogenated solvents generally give better DNP 

enhancement than protonated ones due to the lack of protons leading to direct polarization 

transfer to the molecule of interest. Of the organic solvents in the study, TCE produced the 

greatest enhancement.29  

 The bTbK biradical was found to give higher enhancement than TOTAPOL under 

similar conditions and is more soluble in organic solvents.30 Zagdoun et al. looked at a 

variety of bTbK derivatives and established the link between DNP efficiency and electronic 

relaxation times. This resulted in the synthesis of a new radical, TEKPOL (figure 3.6, 

right), which is one of the most efficient DNP radicals due to its electron relaxation 

properties, high molecular weight, and a lack of methyl groups close to the nitroxyl 

groups.31,32 Based on this, TEKPOL in TCE was used as our radical in solvent.  
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Figure 3.6: The biradicals AMUPOL (left) and TEKPOL (right) frequently used in DNP experiments 

 The radical in solvent is introduced to the powder sample by incipient wetness 

impregnation. 22μL of 16 mM  radical in solvent is added to 20 mg of sample to form a 

translucent slush.33 The sample is packed into a 3.2 mm sapphire rotor. To degass the 

sample, the rotor was inserted and spun inside the probe for 2 minutes, then ejected and 

allowed to sit in the insert/eject chamber under the eject gas flow. This insert/eject cycle 

was done 3 times. This has been shown as an efficient method of increasing enhancement 

by removing adsorbed oxygen which contributes to relaxation.34,35 
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Figure 3.7: Polarization transfer by Cross Effect DNP-SENS. This example uses TCE as the solvent. Microwave 

irradiation hits one electron on the biradical in solvent and the CE mechanism causes an electron spin transition at the 

other electron while also inducing a nuclear spin transition on a hydrogen atom on the solvent. The polarization is 

spread by spin diffusion to other 1H and brought to the nuclei of interest on the surface of the sample by standard CP. 
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 To probe interactions at the surface of the 

nanoparticle, the SBA-15 surface is modified to 

host a tether containing an N-

[(butylamino)carbonyl]-6-methylisoctysine group 

(Propyl Urea). This is done by reacting TES Propyl Urea 

(figure 3.8) with SBA-15.36 In order to make the surface 

more compatible with the non-polar solvent TCE, which 

should correspond with greater enhancement over the 

H2O/D2O solvent, the SBA-15 surface will be passivated 

with TMS-d9. This converts most of the polar hydroxyl 

groups at the surface to non-polar deuterated TMS groups 

(figure 3.9). This has the additional benefit of limiting the 

protons on the surface which could act as a polarization 

sink.37 Once the passivation and tether are confirmed and 

can be observed using the enhancement of DNP, an 

attempt will be made to pair the propyl urea tether by 

non-covalent bonding. The paired molecule chosen is 

a propyl urea derivative (iso-octyl upy) (figure 3.10) 

because it will have distinctive 13C chemical shifts that can be distinguished from the 

propyl urea SBA-15. This non-covalent interaction is known to exist (as 

[(butylamino)carbonyl]-6-methylisoctysine dimerizes in supramolecular polymers), but is 

not well characterized.  

Figure 3.8: TES Propyl Urea 

Figure 3.9: Passivated SBA-15 

at the surface. Most hydroxyl 

groups are replaced with 

deuterated TMS 

Figure 3.10: Iso-octyl upy 
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 DNP experiments are often reported along with their enhancement, which will also 

be shown with some of our results. Enhancement (ε) is the ratio of integrated intensities of 

the biggest peaks between microwave on and microwave off spectra. Both are taken at low 

temperatures with the impregnated sample. Time savings correspond to the enhancement 

squared, and enhancements can be between 10 and 200, meaning significant time savings 

in the experiments. Absolute enhancement (Σ), which is the comparison of a microwave 

on DNP experiment to a conventional NMR experiment, may also be reported.4,22,38 

 

3.3 Results and Discussion 

 13C DNP experiments were 

conducted on the propyl urea tethered 

SBA-15 (figure 3.11) with 16 mM of 

TEKPOL in TCE. The spectra of MW on 

and off spectra (figure 3.12) show there is 

an enhancement of 30, which corresponds 

to what we would expect for carbon.6 

There is a large solvent peak, which is 

typical for DNP experiments with an 

undeuterated solvent, allowing some polarization to stay in the solvent. The signal allows 

us to confirm ethoxy sites on the sample, which are leftover leaving groups from the 

precursor TES propyl urea. These correspond with a distribution of bonding sites at the 

Figure 3.11: Propyl urea tethered SBA-15 with labels 

on the carbons 
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interface between the surface and the silica matrix. This distribution will be explored 

further with the presentation of the 29Si spectrum. 

  

  

 

 

 

 

Figure 3.12: 13C DNP spectrum of propyl urea tethered SBA-15 
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 The chemical shifts of the ethoxy leaving groups were confirmed by a non-DNP 

13C spectrum of TES propyl urea (figure 3.13). 

 

Figure 3.13: 13C CP ssNMR spectrum of TES propyl urea. 
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Table 3.1: Useful 29Si chemical shifts for tethered SBA-15 

 29Si assignments corresponding to certain sites on tethered SBA-15 have been 

compiled into table 3.1.5,39,40 T sites are sites at the interface between the bulk and the 

surface. T1 sites are bonded to two remaining ethoxy leaving groups, T2 sites bonded to 

one remaining ethoxy leaving group, and T3 sites are not bonded to any ethoxy leaving 

groups. Q sites are bonded to four oxygens, with Q3 sites at the surface bonded to one 

unreacted hydroxyl grounp. Q4 corresponds to the siloxane sites in the bulk material. Q4’ 

and TMS-d9 are the two silicon sites in the TMS-d9 on the surface.  
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 The 29Si DNP spectrum (figure 3.14) confirms the distribution of T sites at the 

surface corresponding to the ethoxy leaving groups from the TES propyl urea. The 

spectrum also confirms the appearance of TMS-d9 groups in the TMS-d9 and Q4’ sites. 

However, a quantitative treatment for the sites converted at the surface and the T sites are 

unreliable based on CP and DNP spectra since they select for sites which are closer in space 

to protons and are the source of the increased polarization transfer. 

  

 

Figure 3.14: 29Si DNP spectrum of propyl urea tethered SBA-15 

Figure 3.14: 29Si DNP spectrum of propyl urea tethered SBA-15 
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 Figure 3.15 shows the absolute enhancement of the 15N spectrum. With standard 

CP, there is no usable signal after 5 days of signal averaging. With DNP, there are clear 

distinct signals after 12 hours of signal averaging. This enhanement of the low abundance 

15N nuclei highlights how DNP is a necessary technique for this study. 

Figure 3.15: Comparison of DNP and standard CP 15N spectra of propyl urea tethered SBA-15.  
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 Zooming in on the 15N DNP spectrum of SBA-15 (figure 3.16), there are 5 signals 

corresponding to 4 nitrogen sites. This indicates a distribution of sites owing to possible 

hydrogen exhange. The signal at 285 ppm corresponds to the deprotonated Nitrogen in the 

pyrimidine ring next to the carbonyl. The signal at 230 ppm could correspond to a 

protonated Nitrogen in the pyrimidine ring, either at the other position or the same one as 

next to the carbonyl. The signal at 210 could correspond to the protonated Nitrogen in the 

pyrimidine, while the other two signals correspond to the urea Nitrogen. More work must 

be conducted to determine the correct nature of the potential exchange taking place. 

 

 

Figure 3.16: 15N DNP spectrum of propyl urea tethered SBA-15. 
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  Figure 3.17 shows the 13C CP spectrum of iso-octyl upy along with its structure and 

labels of the chemical shifts. There are distinct signals that will help distinguish it from the 

propyl urea tether. In particular, the methyl signals at 33 ppm should be distinct in a 

spectrum of the paired sample. In Figure 3.18, after the pair is added, the 13C CP spectrum 

shows additional signals compared to the unpaired sample at 173 ppm, 100 ppm, 50 ppm, 

45 ppm, 30 ppm, and 20 ppm. These additional signals indicates the appearance of the iso-

octyl upy into the sample. However, its position cannot be confirmed without further 

experiments.   

 

 

 

Figure 3.17: 13C CP spectrum of iso-octyl upy 
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Figure 3.18: 13C CP spectrum of propyl urea SBA-15 paired with iso-octyl upy. 
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3.4 Conclusions and Future Work 

 The enhancement provided by DNP, particularly in 15N, has been shown to be 

essential for probing the surface sites of SBA-15. These enhancements will eventually 

allow us to probe non-covalent connectivities. The distribution of Q and T sites shows that 

not all surface sites are occupied by the propyl urea tether and that there is a variety of 

bonding from the tether to the surface, owing to the distribution of ethoxy leaving groups 

remaining on the tethered sample. This is confirmed by both 13C and 29Si DNP spectra. 

 The additional signal present in figure 3.18 indicates the presence of the paired 

molecule in the sample, but not necessarily at the surface or H-bonded in the way we would 

expect. In order to conduct 2-dimensional experiments that would reveal the location of 

the pair, we would need as much signal as possible so we need the increase its 

concentration. A successful pair should have dramatic effects on the nitrogen chemical 

shifts, but we need DNP experiments to see those shifts, so the precesnce of the pair must 

be confirmed first. 

 A variety of 2-dimensional experiments can be conducted on our sample to confirm 

the nitrogen chemical shifts, determine the distribution of tethering sites, and determine the 

distance between the surface and the tether. A 1H-15N HSQC experiment would measure 

correlation over a single bond and give signal where there is hydrogen bonded directly to 

nitrogen.41,42 This typically insensitive experiment would become possible with DNP. This 

would allow us to assign the nitrogen signals in figure 3.16 and compare paired and 

unpaired sample.  
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 The distribution of tethering sites according to the 29Si and 13C spectra is something 

worth exploring further since it was an unexpected development. It would allow us to better 

understand the interface between the tethered material and the surface. A 29Si-29Si 

refocused INADEQUATE experiment for homonuclear through bond correlations can 

produce signal seperating the different 29Si sites by their correlation to other 29Si sites.5,39 

The signal in this experiment only corresponds to through-bond connectivities.  

 To get an idea of the distance between the tether and the surface, structural 

constraints can be obtained from 13C-15N and 29Si-15N REDOR experiments.5,43-45 Signal 

intensity as a function of 15N recoupling time is characteristic of the distance between two 

spin pairs. These constraints can be used to calculate the distance between the propyl urea 

tether and the SBA-15 surface.  

 It is worth mentioning that 13C spectra were also obtained using 16 mM AMUPOL 

in 90/10 D2O/H2O as the radical/solvent combination (figure 3.19). It gave enhancement 

of around 16, smaller than the enhancement achieved with TEKPOL in TCE. However, 

since water has no carbons, there is no solvent peak to interfere with other signals. 

Additionally, this spectra was obtained on tethered SBA-15 that was not passivated with 

TMS-d9. This radical/solvent combination may be useful in future experiments. 

 Constraints and chemical shifts are valuable contributions to future density 

functional theory (DFT) geometry optimizations. Optimizations can be used to produce 

three-dimensional structures and chemical shift calculations that can be checked against 

experimental chemical shifts to confirm the correct structure.5,46 
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Figure 3.19: 13C DNP spectrum of propyl urea tethered SBA-15 using 16 mM of 

AMUPOL in 90/10 D2O/H2O 
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Chapter 4 – Temperature Dependent Conformational Changes of Polymers Observed 

using solid-state NMR and Computational Methods 

 

4.1 Introduction 

 It is well established that most materials expand upon heating. Typically, when 

molecules are heated, their motion increases, resulting in the molecules occupying more 

space and causing thermal expansion. However, existing materials that exhibit negative 

thermal expansion (NTE) may be desirable for certain applications including fiber optics, 

electronics, and fuel cells. Currently, many materials that shrink upon heating do not have 

suitable properties at appropriate temperatures or are chemically and thermally unstable.1-

7 There is a need for systems that undergo a large and knowable NTE at usable temperatures 

that can also be integrated into devices. Understanding and controlling this thermal 

expansion could add reliability and prolong the lifetimes of these materials.  

 Dibenzocycloocta-1,5-diene (DBCOD) is one such thermally sensitive material 

that undergoes NTE. A monomer of DBCOD can also be covalently linked into polymers 

for several specific applications that require strong but flexible polymers. To explore this 

property further, several DBCODs have been developed containing a variety of 

substituents.8-11 There are two temperature dependent conformations, twist boat and chair 

(figure 4.1), that causes this thermal contraction in DBCODs upon heating. Of particular 

interest are two 2,3,8,9-Tetramethyl-Substituted DBCOD (TM-DBCOD) derivatives: 

diphenylamine substituted TM-DBCOD (1,10-di-Ph-amide) and diethylamide substituted 

TM-DBCOD (1,10-di-Et-amide) (figure 4.2).  



62 
 

 

 

Figure 4.2: Structures of di-Ph-amide and di-Et-amide 

 Previous variable temperature solution state NMR experiments (Figures 4.3 and 

4.4) have shown that at low temperatures, there are distinct chemical shifts for each 

conformation which averages out to a single chemical shift as the temperature increases. 

This is due to the fast exchange between the two conformations at high temperatures. The 

population difference between the two states can be observed as a function of the 

Figure 4.1: The temperature dependent conversion of DBCOD between twist boat and chair conformations  
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temperature, allowing us to find the equilibrium rate constant between the two 

conformations which can then be used to find the free energy of activation for each 

conformer.12-15 This knowledge combined with density functional theory (DFT) chemical 

shift predictions, thermodynamic information, and structural optimizations can be used to 

determine the molecular structure of the monomeric DBCOD derivatives which can 

eventually be applied to knowledge of DBCOD based polymers.16,17 

 

Figure 4.3: Variable-temperature solution-state NMR experiments of di-Ph-amide in DMSO 
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Figure 4.4: Variable-temperature solution-state NMR experiments of di-Et-amide in DMSO 

 

4.2 Experimental Methods 

 Geometry optimizations were done at the DFT B3LYP level using the 6-31 + g(d,p) 

basis set with dispersion corrections using Gaussian 09.18 The structures were obtained 

both in the gas phase and with the solvent. NMR chemical shifts (δ) were calculated from 

the isotropic chemical shielding (σ) calculation in Gaussian by performing the following 

calculations using the 6-311 ++ g(d,p) basis set19: 
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13C: δ =
𝜎−182.73 

−1.0492
                                                             (Equation 4.1) 

 1H: δ =
𝜎−31.879 

−1.0338
                                                             (Equation 4.2)                        

 1H and 13C variable-temperature solution-state, including HSQC and HMBC 

experiments, were conducted on a Bruker AVII spectrometer with a 11.7 T magnet. 

Experiments in the solid-state were conducted on a Bruker AVIII spectrometer with a 9.4 

T magnet and a 4 mm MAS probe spinning at MAS rates at 8 kHz at temperatures ranging 

from -15°C to 50°C. 

 The spin-lattice or longitudinal relaxation, or T1 relaxation time, of 1H nuclei 

describes the return to equilibrium in the direction of the magnetic field (the z-direction, in 

our case). As described in Chapter 1, the direction of the bulk magnetization can be 

manipulated by applying RF pulses. An inversion-recovery experiment (figure 4.5) can be 

used to measure this T1 relaxation time, which is more sensitive to temperature change than 

the chemical shift, so structural transition can be observed by measuring the T1 relaxation 

time at variable-temperatures in addition to observing the chemical shift. In terms of the 

rotating frame, a 180° x pulse brings the z-magnetization to -z. An immediate 90° x pulse 

allows us to detect all that signal in the xy-plane and results in a large negative signal after 

the Fourier transform. The longer the delay τ between the initial 180° x pulse and the 

subsequent 90° x, the more positive the signal will become after the sequence as more 

signal can return from -z to z. The delay τ at which this experiment results in maximum 
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signal corresponds to how long the T1 relaxation is. The two conformations twist boat and 

chair are expected to have different T1 relaxation times.20,21 

  

Figure 4.5: The inversion-recovery pulse sequence for measuring T1 with a variable delay of τ 

 In addition to standard 13C CP MAS experiments at variable temperature, T1 

relaxation time measurements were conducted with variable delays of 0.001, 0.05, 0.1, 0.2, 

0.3, 0.5, 0.8, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, and 5 seconds at temperatures of -15°, -10°, -5°, 

0°, 5°, 9.8°, 21°, 30°, 40°, and 50°C.  

 The progression of the reaction from one state to the other is described by figure 

4.6. ΔG‡ is the activation energy of the reaction, or the amount of energy that is required 

for the reaction to proceed. ΔG is the difference in free energy between the initial and final 

state of a reaction. ΔG can be determined by: 

𝛥𝐺 = −𝑅𝑇 𝑙𝑛 𝐾𝑒𝑞                  (Equation 4.3) 

where 

 𝐾𝑒𝑞 =
[𝐶ℎ𝑎𝑖𝑟]

[𝑇𝑤𝑖𝑠𝑡 𝐵𝑜𝑎𝑡]
                (Equation 4.4) 
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Figure 4.6: The plot of Energy vs Reaction Progress from the initial state of a reaction to its final state 

 In the VT solution-state spectra, a chemical shift range is picked which shows clear 

exchange (for example, the 6-7 ppm range was used for di-Et-amide). That range is then 

fit to a Lorentzian lineshape at each temperature in Mathematica.22 The fit values of the 

rate constants Kab and Kba are plotted as rate vs temperature, then fitted curves are produced 

which are used to calculate the Gibbs energy of each state. 
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4.3 Results and Discussion 

 Assignments for the structure of di-Ph-amide were made using an HSQC 

experiment where signals arise over a single hydrogen-carbon bond (figure 4.7). Separate 

assignments were made to the chemical shifts on the 8-member ring and the methyl groups. 

With the assignments made in solution, we can confidently make assignments in the solid-

state where we want to observe the behavior of the monomers and polymers (Figure 4.8).  

Figure 4.7: HSQC of di-Ph-amide in DMSO with assignments 
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Figure 4.8: 13C CP ssNMR spectrum of di-Ph-amide.  

 

 Chemical shift assignments alone are not enough to confirm which conformation is 

preferred in the solid-state. Gaussian chemical shift predictions were used to generate 

predicted spectra that were compared to the experimental spectra.  
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 Starting at a variety of positions, the optimized lowest energy twist boat 

conformation (figure 4.9) has the two carbonyl groups pointed in opposite directions. The 

hydrogen of the amide and the oxygen of the carbonyl on the opposite side are notably 

close to each other in the structure and the distance between them is only 2 Å, indicating 

that there is intramolecular hydrogen-bonding contributing to the favorability of this 

structure.23 When the 13C chemical shifts generated in Gaussian from this structure are fit 

to a Lorentzian lineshape and overlayed with the actual spectrum (Figure 4.10) in 

Mathematica, we can compare the predicted shifts (in blue) and the experimentally 

obtained chemical shifts (in black). The twist boat conformation gives rise to two distinct 

chemical shifts at the carbonyl position (~170 ppm), while the real spectrum shows only 

Figure 4.9: The optimized twist boat structure of di-Ph-amide 
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one. However, the signals from the 8-member ring (~30-40 ppm) and the methyls (~20 

ppm) overlap almost exactly.

 

Figure 4.10: Predicted 13C spectrum of the optimized twist boat structure of di-Ph-amide obtained in Gaussian (blue) 

overlayed with the experimental 13C CP ssNMR (black) 

 

 A similar comparison can be made by generating the Gaussian structure of the chair 

conformation and comparing the chemical shifts of that structure to the experimentally 

obtained chemical shifts. 
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  Like the twist boat structure, the chair structure (figure 4.11) features the two 

carbonyl groups pointing in opposite directions. However, the distance from the hydrogen 

of the amide to the oxygen of the carbonyl on the opposite side is over 6 Å, ruling out the 

possibility of hydrogen-bonding. The computationally predicted spectrum (in red) 

overlayed with the experimentally obtained spectrum (in black) (figure 4.12) shows a 

single carbonyl chemical shift for the computationally obtained spectrum, but further 

upfield. The signals from the 8-member ring are further downfield than in the 

experimentally obtained spectrum while the methyl signals overlap exactly.  

 

 

 

Figure 4.11: The optimized chair structure of di-Ph-amide 
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Figure 4.12: Predicted 13C spectrum of the optimized chair structure of di-Ph-amide obtained in Gaussian (red) overlayed 

with the experimental 13C CP ssNMR (black) 

 The most noticeable difference in the two spectra generated by the Gaussian 

structures is for the carbonyl carbon. The twist boat structure results in two carbonyl 

signals, while the chair results in one. While this seems to favor the chair structure, if both 

twist boat and chair conformations exist in the solid-state at room temperature, the single 

carbonyl signal could also be a result of signal averaging between all the possible carbonyl 

positions. The intramolecular hydrogen bond formed in the twist boat seems to favor it as 

the preferred structure at room temperature.  

 The range of 7.4-7.7 ppm in the 1H VT solution-state experiment was selected for 

the thermodynamic calculations. After fitting the parameters and plotting rate in one 

direction vs temperature, the Gibbs energy of one state was found to be 16.7 kcal/mol while 

the other was found to be 16.1 kcal/mol. This gives a ΔG of -0.6 or 0.6 kcal/mol depending 

on which conformation is more stable. 
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 The simpler di-Et-amide monomer was evaluated using the same methods in the 

hope the simpler monomer could reveal insight into the more complex di-Ph-amide. 

 

 

Figure 4.13: 13C CP ssNMR spectrum of di-Et-amide with assignments 

 The many different signals corresponding to each site indicates there are many 

more potential orientations in the solid-state existing at once than in the di-Ph-amide 

monomer. This is due to the flexibility of the ethyl group, which is likely unrelated to the 

twist boat and chair conformations. Variable-temperature experiments were conducted on 

di-Et-amide in the solid-state to observe the spectral changes as previously done in the 

solution-state. However, the lack of temperature dependence on 13C chemical shifts in the 
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solid state is likely due to the rigidity of the structure as a solid. Carbon chemical shifts are 

also less sensitive to conformational changes than proton chemical shifts.

 

Figure 4.14: 13C ssNMR spectra of di-Et-amide at variable-temperatures 

 Proton relaxation rates are similarly more sensitive to conformational change than 

Carbon chemical shifts. A discontinuity in the slope of the graph of T1 vs the inverse of the 

temperature would indicate a structural transition and would help identify the temperatures 

at which the conformation change takes place.21 
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Figure 4.15: T1 relaxation time vs the inverse of the temperature of di-Et-amide in the solid state 

 There was no substantial change in dynamics across the temperature range in di-

Et-amide. Unfortunately, this experiment is limited by the temperature range available to 

the probe, which has a lower limit of -15 °C. The transition in the solid-state may happen 

at a lower temperature than is accessible to us, so we are unable to identify the transition 

ranges based on this experiment. However, di-Et-amide and di-Ph-amide may be 

particularly rigid monomers as solids and these experiments may be useful on less rigid 

monomers and polymers. This relaxation time experiment shows the limitations of looking 

at rigid polymers in the solid-state. Instead, we can look at optimized structures in solution 

to compare to experimental 1H chemical shifts. 
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 Like the optimized structures of di-Ph-amide, the carbonyl groups of the twist boat 

indicate hydrogen bonding between the hydrogen of the amide and the oxygen of the 

carbonyl, which are separated by only 2 Å. The same spots on the chair are too far apart, 

ruling out hydrogen bonding. The computationally generated 1H spectra can be compared 

to the di-Et-amide experimental spectra at variable-temperatures.  

 

 

 

 

Figure 4.16: Optimized structures for twist boat (left) and chair (right) of di-Et-amide in DMSO 
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Figure 4.17:1H spectral comparisons between the experimental spectrum at 25°C (black) and the predicted spectra of 

twist boat (blue, top) and chair (red, bottom) of di-Et-amide 

 Proton chemical shifts generated in Gaussian from chemically equivalent protons 

according to the HSQC were averaged for this comparison. Looking at room temperature 

experiments conducted at 25°C against the predicted spectra generated in Gaussian of the 

twist boat conformation (blue, top) and the chair conformation (red, bottom) of di-Et-

amide. The amine proton signal on the real spectrum is around 8 ppm, while it is around 

5.2 ppm on the chair. The twist boat amine proton results in two signals at 5.7 ppm and 8.4 

ppm. The real signal is likely a result of signal averaging between these states. The aromatic 

signal around 7 ppm contains two signals for the real spectrum and the twist boat, but only 
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one for the chair. There is a lot of overlap in the further upfield signals corresponding to 

the ethyl group and the 8-member ring and they are more difficult to convolute. A more 

quantitative analysis must be attempted.  

 

 

Figure 4.18: 1H Spectral comparisons between the experimental spectrum at 50°C (black) and the predicted spectra of 

twist boat (blue, top) and chair (red, bottom) of di-Et-amide 
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 In the high temperature experiment conducted at 50°C, the amine proton moves 

slightly upfield and the aromatic proton signal now only results in one peak around 7 ppm. 

The results of these comparisons indicate that both structures exist at lower temperatures, 

then transition to only chair at high temperatures. As with the room temperature 

comparison, a more quantitative analysis must be attempted.  

 The range of 6-7 ppm in the 1H VT solution-state experiment was selected for the 

thermodynamic calculations of di-Et-amide. After fitting the parameters and plotting rate 

in one direction vs temperature, the Gibbs energy of one state was found to be 16.5 kcal/mol 

while the other was found to be 15.5 kcal/mol. This gives a ΔG of -1.0 or 1.0 kcal/mol 

depending on which conformation is more stable. 

 

4.4 Conclusions and Future Work 

 The results based on the spectra and computational structures point to the boat 

conformation being preferred at lower temperatures of both the di-Ph-amide and the di-Et-

amide monomers. This can be seen by the greater agreement in the chemical shifts and is 

backed up by the presence of the H-bond in the structures. At moderate temperatures, both 

conformations exist at some ratio dependent on the temperature. At high temperatures, the 

structures convert completely to the chair conformation. 

 To identify the temperature range of the transition in the solid state, a T1 relaxation 

time experiment was attempted on the di-Et-amide. However, the experiment was limited 

by the temperature range of the probe involved in the experiment. A broader range of 

temperatures is required to identify the transition temperatures. Additionally, proton 
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spectra can be obtained in the solid state and compared at variable temperatures, like what 

has been shown in the solution-state experiments. Proton experiments in the solid state 

require spinning at fast MAS to identify the isotropic chemical shift.24 Fast MAS VT 

experiments should be attempted. 

 Proton chemical shifts in the solid-state combined with chemical shifts in solution 

can be compared with the predicted chemical shifts based on the optimized Gaussian 

structures in the gas phase and in solution. Instead of comparing them visually, as we have 

done, we can quantitatively determine which structure exists at high or low temperatures 

by an f-test. The f-test on the experimental chemical shifts can identify which model 

(experimental chemical shifts for each conformation) is more likely at high and low 

temperatures.  

 Once the identities of the initial and final states are known, the sign of ΔG can be 

determined since it is dependent on the natural log of the ratios of the two conformations 

(equations 4.3 and 4.4). ΔG‡ for the transition and the predicted value ΔG can also be 

obtained using the optimized Gaussian structures once they agree with the experimental 

chemical shifts. The experimental value of ΔG‡ can be found using the Eyring equation, in 

a process similar how we obtained the experimental values of ΔG. Other thermodynamic 

properties, S, H, S‡, and H‡ can also be determined.  

 DBCOD derivatives with different constituents can be observed using the same 

NMR and computational methods. This can be studied to determine to what extent the 

conformational change is dependent on intramolecular H-bonding, intermolecular 

interactions, or the steric hindrance of one of the conformations. In addition to the DBCOD 
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derivatives, polymers can also be studied that are made up of different, or the same 

repeating, monomer.    
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Chapter 5 – Using Statistics to Determine Binding Constants from UV Data and 

Burstiness in Non-Uniformly Sampled NMR Data   

 

5.1 Fitting of UV Data of a Self-Assembled Cage Host 

 

5.1.1 Introduction 

 A large (Fe-Fe distance of 20.3 Å) self-assembled Fe4L6 iminopyridine cage has 

been demonstrated as a host for neutral molecules in organic solution and as a catalyst for 

polar reactions on the host interior. Oxidative dimerization of alkanethiol nucleophiles was 

also shown to be a side reaction not seen in smaller cages, requiring further study.1,2 To 

investigate this side reaction, different n-alkanethiols can be reacted with the cage and their 

binding properties can be analyzed by UV-Vis absorbance spectroscopy. 

 

5.1.2 Experimental Methods 

 Each alkanethiol was titrated into a 3 μM solution of the large Fe4L6 cage in 

CH3CN. The changes in absorbance at 330 nm and 370 nm were recorded. Binding 

constants for 1:1 and 1:2 host-guest complex models were extracted by the method 

highlighted by Thordarson and explained below.3,4 The UV-Vis absorbances at 330 nm and 

370 nm were plotted against the concentration of the alkanethiol and the resulting curves 

were fit using a non-linear least-squares method in Mathematica.5 This enabled us to find 

the binding constant (Ka) and molar absorptivities for the host (H) and host-guest (HG) 

complex for the 1:1 equilibrium model.  
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Since 1:1 host-guest binding can be written as 

aK
H G HG⎯⎯→+ ⎯⎯                    (Equation 5.1) 

where the binding constant is 

 
  a

HG
K

H G
=                   (Equation 5.2) 

the concentrations of host, guest and host-guest complex can be related back to initial 

concentrations by 
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H H G G H

K K K
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                                (Equation 5.3) 
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K K K

   
= + + − − − +   

   
                          (Equation 5.5) 

and the absorbance at a wavelength of λ can be described as  

   H HGA H HG   = +                                                                                       (Equation 5.6) 

allowing us to fit the experimental absorption data at 330 nm and 370 nm as a function of 

the concentration of guest, Go, in order to determine Ka, 
330 330 370, , ,H HG H    and 370

HG . 
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 For the 1:2 equilibrium model, we determined the first (K1) and second (K2) binding 

constants and molar absorptivities for the host (H), host-guest (HG), and host-dual-guest 

(HG2) complexes. Error for each of the fit parameters were recorded as ± standard error. 

1:2 host-guest binding can be written as a two-step process 

1K
H G HG⎯⎯→+ ⎯⎯                    (Equation 5.7) 

2

2

K
HG G HG⎯⎯→+ ⎯⎯                 (Equation 5.8) 

with the two binding constants 

 
  1

HG
K

H G
=                   (Equation 5.9)  
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Assuming   0G G , 
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Then the absorbance at a wavelength λ can be described as 

     
2 2H HG HGA H HG HG     = + +               (Equation 5.14) 

allowing us to fit the experimental absorption data at 330 nm and 370 nm as a function of 

the concentration of guest, Go,  in order to determine K1,K2, 
2

330 330 330, , ,H HG HG   370 370, ,H HG  and 

2

370

HG . 

 Residuals of each absorbance vs. concentation curve at both absorbances were 

generated from a 1:1 and a 1:2 model. The significance of the 1:2 model was based on the 

inverse ratio of the square of the residuals compared to the 1:1 model. If the error were 

normally distributed, this ratio would follow the F-distribution.6 The 1:2 model must 

improve the residuals beyond the normal statistical fluctuations expected to be considered 

better. This is measured by the p-value, where a small value indicates that the residuals of 

the 1:2 model are actually smaller and not considered luck. p-values below 0.001 are 

considered significant. If the p-value produced by this statistical method is below 0.001, 

then the 1:2 model is considered the favored model. 
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5.1.3 Results and Discussion 

 A few examples will be provided and explained. The remaining data can be found 

in table 5.1. The first example is the smallest alkanethiol studied, pentane thiol (figures 5.1 

and 5.2).  

 

Figure 5.2: Fitting curves and plots of residuals when the UV binding data for pentane thiol with the large Fe4L6 cage is 

fit to the 1:2 binding model 

Figure 5.1: Fitting curves and plots of residuals when the UV binding data for pentane thiol with the large Fe4L6 cage is 

fit to the 1:1 binding model 
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 The p-value of 2.07*10-4 is below 0.0001, meaning the 1:2 model is statistically 

favored. The fitting determined the binding constants are K1 = 2150 ± 650 (*103) M-1 and 

K2 = 1.2  ± 3.0 (*103) M-1. The 1:2 model is also shown to be favored for hexane thiol and 

octane thiol (table 5.1).   

 The second example is a larger thiol, dodecane thiol. 

 

 

 

 

 

 

 

Figure 5.3: Fitting curves and plots of residuals when the UV binding data for dodecane thiol with the large Fe4L6 cage 

is fit to the 1:1 binding model 
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Figure 5.4: Fitting curves and plots of residuals when the UV binding data for dodecane thiol with the large Fe4L6 cage 

is fit to the 1:2 binding model 
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 The p-value of 0.40 is above 0.0001, meaning the 1:1 model is statistically favored. 

The fitting determined the binding constant is Ka = 2.74 ± 0.60 (*103) M-1. The 1:1 model 

is also shown to be favored for decane thiol and undecane thiol. 

Table 5.1: Binding affinities for guest alkanethiols and product disulfides with the large Fe4L6 cage along with only the 

results from the favored model based on the p-value 

 Based on table 5.1, the smallest thiols studied fit best to the 1:2 model. As the thiols 

increase in size, the 1:1 binding model becomes more favored. The product disulfides also 

only fit to a 1:1 as they would make for larger substrates.  

 Hexane thiol guest was also looked at with a smaller caged host, an Fe4L6 with an 

Fe-Fe distance of only 17.3 Å. The binding for the small alkanethiol and the smaller cage 

favored the 1:1 model.  

Substrate Ka (*103 M-1) K1 (*103 M-1) K2 (*103 M-1) Α (4 K2/K1) p-value 

Pentane Thiol  2150 ± 650 1.2 ± 3.0 8.7*10-4 10-4 

Hexane Thiol  540 ± 130 2.4 ± 1.5 0.018 10-6 

Octane Thiol  174 ± 43 0.78 ± 0.53 0.018 10-7 
Decane Thiol 19.7 ± 6.4    0.02 
Undecane 

Thiol 
40 ± 19    0.004 

Dodecane 

Thiol 
2.74 ± 0.60    0.40 

      
Propyl 

Disulfide 
16.6 ± 2.4    0.019 

Pentyl 

Disulfide 
38.8 ± 7.1    0.43 

Hexyl 

Disulfide 
71 ± 14    0.46 

Octyl 

Disulfide 
76.1 ± 3.8    0.006 

Decyl 

Disulfide 
27.9 ± 9.4    0.01 

Undecyl 

Disulfide 
5.53 ± 0.48    0.19 

Dodecyl 

Disulfide 
8.39 ± 0.85    0.36 



94 
 

 

5.1.4 Conclusions and Future Work 

 The large self-assembled Fe4L6 iminopryidine cage with an Fe-Fe distance of 20.3 

Å has been shown to discriminate between alkanethiol substrates based on size in the 

oxidative dimerization reaction it catalyzes. The cage favors either a two-step binding for 

smaller alkanethiols, or a one-step binding for larger alkanethiols. This was demonstrated 

by predicting binding affinities for differently sized alkanethiols with the cage using UV-

Vis absorbance spectroscopy. This size selective property is unusual and requires further 

study to indicate potential applications. 
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5.2 Non-Uniform Sampling of NMR Data: Tracking Burst Sampling vs Repeating 

Timepoints by Fitting Data 

 

5.2.1 Introduction 

  An emerging technique in the field of NMR is non-uniform sampling (NUS), a 

method used to increase the sensitivity of an NMR experiment. As mentioned in Chapter 

1, NMR signal is digitized as the Free Induction Decay (FID) in the time domain, before 

being Fourier Transformed (FT) into the frequency domain. However, not every point of 

the FID is necessarily equally important for the signal of an NMR spectrum. A variety of 

different NUS methods have been developed that allow us to get greater sensitivity with a 

smaller number of points than traditional uniformly sampled data.7-10 Current spectral 

reconstruction techniques may not able to properly reproduce the signal and noise level in 

the frequency domain, making it difficult to accurately measure the signal-to-noise ratio 

(SNR) of post-FT processed NUS data.11,12 A method to measure the quality of time-

domain NMR data in terms of spectral knowledge has been developed in our group which 

allows us to compare different NUS processing methods against each other.13-15  

 The Nyquist theorem is used to ensure that an FID has enough points to produce an 

accurate representation of a signal. The Nyquist Theorem states that the sample should be 

sampled at a rate twice the highest frequency. If a high frequency FID is undersampled, 

the spectrum in the frequency domain will feature the signal at a lower frequency than what 
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is measured in the FID. These inaccurate signals are called aliases and result in a decrease 

in the spectral knowledge we could obtain from a signal.16 

 Explored in this chapter is a NUS method called burst sampling, first described for 

use in NMR data processing by Hoch.17 Hoch and Butts both found that bursty sampling 

schemes helped to minimize aliasing artifacts caused by under sampling that can result 

from NUS.17,18 An attempt will be made to quantify these bursts and relate the burstiness 

of points in a non-uniformly sampled FID to the spectral knowledge. In addition, the 

knowledge of burst sampling schemes can be compared to other NUS methods. 

 

5.2.2 Experimental Methods 

 Monte Carlo simulations are used to calculate spectral knowledge as previously 

described.15 Briefly, using Mathematica5, a model FID signal is generated as a decaying 

exponential where frequency of the signal, amplitude, length of data acquisition, and dwell 

time can be set. The model signal is then combined with a set noise level to mimic real 

NMR signal. Best estimates of the spectral parameters position, area, and linewidth are 

obtained through nonlinear least-squares fitting of the raw data. Monte Carlo simulations19 

are done to determine standard error used in the calculation of spectral knowledge and the 

coefficient of variation (Equation 5.15): 

𝑘 =
1

𝑐𝑣
=

⟨𝜇⟩

𝜎(𝜇)
          (Equation 5.15) 
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where k is spectral knowledge and cv is the coefficient of variation, defined as the standard 

error, σ(μ), of the parameter relative to its expectation value ˂μ˃. Standard error can also 

be determined using the Cramer-Rao lower bounds (CRLB).19 

 The burstiness calculation of an FID was done as described by Mobli.20 Explained 

on a grid of 5 points, the maximum density is measured for a timepoint within the mask 

(where a mask of 3 is the recommended value). In the example presented in figure 5.5, the 

point at timepoint 1 has a maximum density of 2. Timepoint 2 has a maximum density of 

2 as well. Timepoint 5 has a maximum density with of 1. The maximum densities of each 

timepoint are added together and put over the total number of measurements (size of the 

mask times the number of points) so the burstiness of this example is 5/9 or 0.556.  

 

Figure 5.5: Sample of timepoints on a 5 point grid with a burstiness of 5/9. 

 This can be expanded to larger grids and more timepoints as expressed by equation 

5.16: 

𝐵𝑀 = ∑
𝐵𝛾1⋅𝛾2⋅…𝛾𝐿

𝐽

𝐽

𝑗=1
= 𝐵𝑀(𝑗)̅̅ ̅̅ ̅̅ ̅̅      (Equation 5.16) 

where M is the size of the mask, J is the number of measurements, and L is the 

dimensionality of the sampling schedule. 

 An attempt will be made to calculate the difference in spectral knowledge between 

burst sampled data, scarce NUS data, and uniformly sampled data on a 256 point grid. The 
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burst sampled data will have 32 bursts of 8 timepoints while the scarce data will take 32 

evenly spaced timepoints on the grid of 256 but repeat each timepoint 8 times. For all 

spectra, the frequency is set to 130 Hz, the first timepoint is at 0, and the final time point 

is at 3 times the T2 relaxation time, where T2 is the inverse of πw for w = 5 Hz. It was found 

that at this frequency, undersampled data can return a best estimate of the position 

parameter of -35 Hz. To show which method of sampling will most accurately estimate the 

correct position, fits can be given a starting guess of either 130 or -35 Hz.  

 For both the repeating timepoints and burst sampling data, 100,000 FIDs with the 

parameters described above and different generations of noise can be produced and each 

given a position guess of 130 Hz and -35 Hz. The residuals of each best fit are taken and 

the standard deviation of the set of residuals from the -35 Hz starting fit are subtracted from 

the standard deviation of the set of residuals from the 135 Hz starting fit. A negative 

difference of the standard deviation of the residuals means that starting the fit at -35 Hz has 

more error than starting the fit at 130 Hz for that sampling method. A difference close to 0 

means that neither has greater error than the other. This workflow is shown in figure 5.6 

for 32 timepoints repeated 8 times each and figure 5.7 for 32 bursts of 8 timepoints.  
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Figure 5.6: Workflow for finding the difference of the standard deviation of residuals for 32 timepoints repeated 8 times 

on a 256 point grid of a frequency of 130 Hz when the best estimate fits are started at 130 Hz and -35 Hz 
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Figure 5.7: Workflow for finding the difference of the standard deviation of residuals for 32 bursts of 8 timepoints 

times on a 256 point grid of a frequency of 130 Hz when the best estimate fits are started at 130 Hz and -35 Hz 
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5.2.3 Results and Discussion 

 

 

 For 32 timepoints repeated 8 times each the difference of the standard deviation of 

the residuals are nearly evenly split between positive and negative, with 50,454 positive 

values and 49,424 negative values. This means that for an FID at a frequency of 130 Hz, 

the resulting peak position is equally likely to be the correct signal at 130 Hz as it is to be 

at -35 Hz, which would be an aliased peak, for this non-uniformly sampled scheme. 

Knowledge for the position, area, and width of the signal is presented in figure 5.8 

normalized to a uniformly sampled spectrum. This shows that this non-uniformly sampled 

scheme results in a greater amount of knowledge compared to uniformly-sampled data, 

except for the position, which will result in low knowledge about half the time. 

 For evenly spaced bursts of 8 timepoints, the difference of the standard deviation 

of the residuals results in 90,791 negative values and 9,209 positive values. This means 

that for an FID at a frequency of 130 Hz, the resulting peak position is much more likely 

to be the correct signal at 130 Hz. While this sampling scheme could still result in an aliased 

peak, it would be much smaller than in the repeated time points sampling scheme. The 

knowledge of position, area, and width in figure 5.9 again show the benefits of this NUS 

scheme and, unlike the repeating timepoints data, we should be able to distinguish between 

the actual frequency and the undersampled frequency in a spectrum in the frequency 

domain. 
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Figure 5.8: The knowledge of position, area, and width of a spectrum for 32 timepoints repeated 8 times each normalized 

against US data and the knowledge determined by CRLB. 

 

Figure 5.9: The knowledge of position, area, and width of a spectrum for 32 bursts of 8 timepoints times each normalized 

against US data and the knowledge determined by CRLB. 
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 The burstiness of 8 bursts of 32 timepoints was calculated using the method 

described above developed by Mobli.20 This very bursty sampling scheme has a B3 

(burstiness with a mask of 3) of 1, the maximum burstiness a sample can have. The more 

sparce sampling scheme was found to have a B3 of 0.33333. These two set the limit for 

what we are expecting when we apply this method for different sampling schemes. The 

Mathematica code has been shown to effectively calculate B3 for up to a 1024 point grid. 

 

5.2.4 Conclusions and Future Work 

 We showed that sampling schemes that have bursty qualities decrease the size of 

an aliased peak in non-uniformly sampled data. This knowledge combined with burstiness 

quantification methods can be used to determine what the optimal amount of burstiness is 

in different NUS schemes to maximize knowledge. We can correlate burstiness with 

knowledge in a quantifiable way. Some NUS and non-uniform weighted sampling 

(NUWS) schemes that are currently being explored include burst sampling, as described 

above, triangular distribution, exponentially biased sampling, Poisson-gap sampling, and 

cosine and sinusoid weighted schemes. We will also attempt to look at multidimensional 

data, where knowledge and burstiness of the sampling data can be calculated in a similar 

way to 1-dimensional data.7-9,15,17,20-24 Additionally, the data presented in this chapter has 

all been computationally generated in Mathmematica. Real NMR experiments with 

different sampling schemes must be performed to show their applications and to calculate 

and compare true SNR. 
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