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ABSTRACT OF THE DISSERTATION 

 

Solid-State NMR Spectroscopy, Anisotropic Interactions, and the Elucidation of 

Molecular Structure 

 

by 

 

Ryan Alan Kudla 

Doctor of Philosophy, Graduate Program in Chemistry 

University of California, Riverside, August 2016 

Dr. Leonard J. Mueller, Chairperson 

 

 The research in this thesis illustrates how chemical shift (CS) and chemical shift 

anisotropy (CSA) give a detailed view into atomic and molecular structure. Through the 

collaborative approach of NMR crystallography, utilizing solid-state NMR, x-ray 

diffraction, and computational methods a deeper understanding of crystal structure and 

systematic motion is formed. This thesis in constructed in a linear fashion as to shown 

how more detailed information can be obtained via more complex methods, culminating 

in the application of all the methods presented within to describe the structure and 

mechanism of expansion of a the novel anthracene system 9-tertbutylantrhacene ester 

(9TBAE). 

 Utilizing the CS, which provides information about the local electronic structure, 

directed questions such as the structure or arrangement of atoms can be answered. In this 

thesis problems in which the CS is used to provide detailed information about the 

location or inclusion of specific atoms in a molecule’s crystal structure will be presented. 
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As crystallographic information for structures with greater complexity is required, the CS 

alone may be unable to differentiate between multiple similar structures, requiring a 

method that provides even greater detail of the local electronic environment.  

 The CSA is capable of providing this greater detail by quantifying a molecule’s 

discrete orientations in the magnetic field. Obtaining CSA values is non-trivial, requiring 

the application of pulse sequences with significantly greater complexity than those 

required to obtain the isotropic CS. Utilizing the approaches of slow spinning, a modified 

TOSS-t1-DeTOSS sequence, and xCSA, CSA principle components are obtained for 

increasingly complex systems.  

 The presentation of these methods culminates in their application on 9TBAE to 

elucidate not only the molecular structure, but also the mechanism of expansion when 

9TBAE nanorods are photoreacted. The data obtained shows the generation of new lattice 

orientations within the nanorod, and based on these observations, the nanorods expand 

not due to a change in the volume of the unit cell, but rather due to a rotation of the unit 

cells. These results demonstrated while most photomechanical materials rely on the 

generation of a mixed phase bimorph structure, reconfiguration of the product phase can 

likewise generate a large mechanical response. 
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Chapter 1 

Introduction 

1.1 Overview 

The traditional method used to obtain detailed atomic and molecular level 

structural information for crystalline materials has been single crystal x-ray diffraction. In 

these experiments the diffraction pattern from a focused beam of x-rays can be used to 

create a map of the electron density. This is then analyzed to determine the coordinates of 

all non-hydrogen atoms as hydrogen does not produce a detectable signal. In addition to 

missing hydrogen there are other instances where single crystal x-ray falls short in 

providing the complete atomic picture. These limitations are primarily related to long 

range disorder in the sample which can include both static disorder such as 

polymorphism, crystal twinning, crystal size, crystals embedding in amorphous mixtures, 

and crystal defects or dynamic disorder such as molecular level motion.1 While the use of 

powder x-ray diffraction (PXRD) can help mitigate some of these problems (most 

commonly those associated with obtaining a crystal of suitable size and quality), in order 

to be successful a suitable starting structure is necessary. 

Nuclear Magnetic Resonance (NMR) is the ideal method to supply additional 

information these x-ray diffraction methods may not be able to obtain. NMR can provide 

insight into molecular level properties such as local chemical environment,2-5 bonding 

networks,6-8 dynamics,9-12 reaction mechanisms,13-15 polymorphism,16-18 and ionization 

states.19-22 While considered a relatively insensitive tool because of its small population 

difference, through a variety of experiments designed to overcome this limitation the 
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information gathered can give great insight to a vast array of distinct atomic sites. If 

NMR data is readily available and a single crystal is not then a suitable starting structure 

for PXRD can be generated and refined. Conversely, if a suitable crystal is obtained 

significant structural information is gained, giving an excellent starting structure for 

NMR to probe specific interactions and elucidate finer structural elements within the 

crystal. This makes NMR an ideal method to pair with x-ray diffraction data as the two 

provide complementary information.23 

 Introducing a computational component further aids the interpretation of the 

experimental data. This three pronged approach is known as NMR crystallography and 

has gained popularity in recent years as an efficient way to elucidate atomic and 

molecular structure.24 NMR crystallography is suitable for exploring a wide range of 

problems that span a vast amount of structural sizes from small organic molecules25 to 

large proteins.26 Chapters 2 and 3 of this thesis will contain a more robust overview of the 

methods utilized followed by examples of how NMR isotropic shifts and/or chemical 

anisotropy are applied to metal organic frameworks (MOFs), DNA binding motifs, 

protein substrates, and small organic molecules to provide insights into atomic structure. 

Additionally, Chapter 2 will contain our efforts to improve the computational aspect of 

NMR crystallography and Chapter 3 will delve into the details of method optimization 

and validation for the pulse sequences utilized. Chapter 4 will present the efforts to solve, 

through a novel pathway, structural and mechanistic questions of 9-tertbutylanthracne 

ester (9TBAE) which displays complex behavior under UV irradiation. The mechanism 

described in Chapter 4 has yet to be seen in the literature as the expansion does not rely 
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simply on an increase in the unit cell volume, but rather a rotation of the unit cell to drive 

the photomechanical expansion. 

In this chapter the basic principles and terminology of NMR and solid-state NMR 

(SSNMR) will be introduced, as well as a brief overview of the modifications necessary 

to the pulses sequences (section 1.3) required to obtain the Chemical Shift Anisotropy. 

The discussion of basic NMR theory is not meant to be exhaustive but is intended to 

present simplified concepts and derivations to enhance a more thorough discussion of the 

topics in subsequent chapters. If a more information is desired there are several texts that 

discuss these concepts in greater depth and detail.22,24,27-30 

1.2 Nuclear Magnetic Resonance 

Almost every nucleus has a magnetic dipole moment, μ, where � = ħγ� (ħ is 

Plank’s constant divided by 2π, γ is the isotope specific gyromagnetic ratio, and I is the 

nuclear spin operator, a vector quantity). This magnetic moment gives the nucleus an 

intrinsic angular momentum characterized by the spin quantum number I that can assume 

integer or half-integer values; however, in atoms that have an even mass and atomic 

number I=0 and are NMR inactive. This inactivity includes important organic elements 

such as 12C; although there is typically at least one isotope for all elements that is NMR 

active and for carbon that is the 13C isotope. Its natural abundance of 1.11% makes 

detection more challenging, but selective labeling can be utilized to increase sensitivity.   

For these magnetic moments there exists m� = 2I + 1 magnetic energy 

eigenstates giving nuclei with I = � two possible degenerate states �+ � , − ��, nuclei with 
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I = 1 three possible degenerate states (-1,0,1), and so on as I increases. When an external 

magnetic field is applied the degeneracy between these eigenstates is broken (Zeeman 

splitting) with the selection rule for transitions between the levels Δm� = ±1.  

Accordingly, as the number of possible states increases the complexity of the interactions 

also increases. Nuclei with I = � lack many of these complex interactions such as a 

quadrupolar moment, and are ideal systems to work with. The remainder of this thesis is 

limited to I = �  or commonly spin- 
� systems. 

The  complete NMR Hamiltonian for a diamagnetic non-conducting nuclei can be 

taken as the sum of the internal and external contributions27:  

 Ĥ��� = Ĥ� + Ĥ�� 1 

 Ĥ��� = Ĥ�� + Ĥ� + Ĥ� + Ĥ! + Ĥ" 2 

 Ĥ�# = Ĥ��� + Ĥ��� = Ĥ� + Ĥ�� + Ĥ�� + Ĥ� + Ĥ� + Ĥ! + Ĥ" 3 

Ĥz and Ĥrf (the Zeeman and radio frequency Hamiltonians) are considered external 

contributions as they rely explicitly on externally generated fields. The Zeeman splitting 

provides the basis for an energy level description of NMR as it defines the energy 

difference between the two eigenstates for a spin- 
� when placed in a magnetic field 

aligned along the z-direction in the lab-frame of strength Bz, 4.  

 Ĥ$ =  −�$B$ = −ħγ�$B$ 4 

In Figure 1.1 as the strength of the magnetic field increases the size of the energy 

difference between the two eigenstates also increases.  
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While both external Hamiltonians are necessary to obtain a signal, the unique 

characteristics of each sample are derived from the internal contributions which can 

include one or more of the following Hamiltonians ĤCS, ĤQ, ĤSR, ĤD, and ĤJ which all 

perturb the system in unique ways. Of these internal contributions this thesis will focus 

primarily on ĤCS (including the 2nd rank tensor defined within), the chemical shift (or 

shielding) Hamiltonian, which will be defined in greater detail below.  The elements in 

this Hamiltonian contain the information that leads to the observable known as the 

isotropic chemical shift (CS). From an experimental standpoint it can be the easiest 

parameter to obtain and is an excellent starting place for molecular structure elucidation.  

 
Figure 1.1 Zeeman splitting for a spin- 

� nucleus in a magnetic field of arbitrary strength. 

 
While NMR is inherently quantum mechanical, most simple experiments can be 

describe via energy level diagrams using the semiclassical vector model introduced by 
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NMR pioneer Felix Bloch.31 Signal acquisition for an isolated (non-interacting) spin- 
� 

system can be easily described through the Bloch equations below.  

 
/0$(2)/2 = − 14 (0$(2) − 05) 5 

 
/06(2)/2 = 708(2)9$ − 14� 06(2) 6 

 
/08(2)/2 =  706(2)9$ − 14� 08(2) 7 

M0, Mx, My, and Mz, represent the initial magnetization and the magnetization along the x, 

y, and z axes respectively, T1 and T2 are relaxation constants related to longitudinal and 

transverse relaxation. Using these equations as the model for a semicalssical vector 

representation an intuitive image of the nuclear magnetization vector is generated.  

The energy difference between the two spin- 
� states (denoted α for + � and β for 

− � for the remainder of the thesis) is exceptionally small. Using the Boltzmann 

distribution 8 (where Nβ is the number of nuclei in spin state β and Nα is the number of 

nuclei in spin state α) for approximately every 10,000 nuclei there exists only one 

additional spin in the α state at thermal equilibrium for the highest magnetic fields 

currently avaiable.22 

 
:;:< = => ∆@ABC = =>ħDEFABC  8 

 Fortunately, we do not observe only a single spin in NMR and instead the system is seen 

as a sum of individual nuclei and their magnetization vectors. If a population of isolated 

non-interacting spin- 
� nuclei are collectively placed in a magnetic field, the two 
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previously degenerate energy levels are split and the sum of the systems individual 

magnetization vectors go from zero to a bulk magnetization vector parallel with the static 

field for a gyromagnetic ratio, γ, greater than zero (Figure 1.2). 

 
Figure 1.2 The summing of individual magnetic vectors to produce a bulk magnetization for a sample 
placed in a static magnetic field. (Image reproduced from Ref. 22)  
 
 This single vector can represent the system as a whole and it is now possible to 

visualize how additional magnetic fields are used to produce a signal.22 Whenever this 

magnetization vector is tipped by the application of a radio frequency (rf) pulse from 

being parallel with the static field it begins to precess at a very specific frequency known 

as the Larmor frequency, 9, around the static field. 

 υ5 = −γB52π  (Hz) 9 

 This precession frequency is in the MHz range for all of the instrumentation that 

will be utilized in this thesis, and its direct relation to energy means that the system can 

be manipulated through these rf pulses. Thus, with a radio wave of the proper frequency 

it is possible to nutate the magnetization vector from the z-axis to the xy-plane (Figure 

1.3a) where it will begin to precess at the Larmor frequency (Figure 1.3b). 
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The precession of the magnetization vector in the xy-plane is what gives rise to an 

observable signal (Figure 1.4a). This resulting time dependent signal is converted into a 

frequency spectrum (Figure 1.4b) via a Fourier Transform, and the spectra resulting from 

a liquid and solid sample can be significantly different depending on the exact method of 

acquisition; with the main contributing factor to this difference being the fast isotropic 

motion present in most liquid samples.  

a) 

 
b) 
 

 
Figure 1.3 a) Rotation of a magnetization vector using the right hand rule when a magnetic field of the 
proper frequency is produced along the x-axis. b) Precession of the bulk magnetization vector (light grey) 
about the z-axis after the magnetic field along the x-axis is removed. (Images reproduced from Ref. 29, 
©2008 John Wiley & Sons Ltd)  
 
As solution-state NMR is not the focus of this thesis, this comparison highlights the lack 

of isotropic motion for solid samples and the difference in obtained spectra is shown in 

Figure 1.5. The solution state spectrum is characterized by very narrow linewidths 
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(Figure 1.5a). In the solid state spectrum, Figure 1.5b, significant broadening is observed 

due to the orientation dependence of the CS tensor (Figure 1.6). The broadening observed 

is proportional to the size of this anisotropy in the CS tensor as well as homonuclear 

dipolar interactions present at the independent sites. 

a) b) 

 
Figure 1.4 a) Time dependent signal produced by the precession of the bulk magnetization vector around 
the xy-plane. Decrease in signal amplitude is a result of relaxation processes in the system. b) Time 
dependent signal transformed to a frequency dependent spectrum. (Images reproduced from Ref. 29, ©2008 
John Wiley & Sons Ltd) 
a)          b) 

        
 Figure 1.5 Static spectra of uniformly 13C labeled glycine in the (a) solution state and (b) solid state at 
9.4T. 
 
 
There is a large amount of information that can be obtained from these broad peaks that 

will be discussed below, but as the number of nuclei increase it is clear overlap will 

quickly be a problem and identification of individual sites would become impossible. 
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This problem was overcome by Andrew et.al. in 1958 by introducing rotational 

motion,32 and in 1959 Lowe33 and Andrew34 independently described the mechanism 

behind the narrowing of the linewidths. The equations and interactions that govern the 

static spectrum and the relationship of this rotational motion to the resulting spectrum 

will also be discussed further below. 

 

  
Figure 1.6 Graphical representation of how the orientation of the crystallite in the magnetic field (Left) 
leads to a broad spectrum (Right). The shielding tensor is orientation dependent, therefore as the orientation 
of the individual crystalite changes in the magnetic field, the relative shift changes as well. When all the 
crystalites are summed over it procudes a broad spectrum related to the variety of orientations present in the 
powder pattern. (Images Reproducaed from Ref. 29, ©2008 John Wiley & Sons Ltd)  
 
Highlighted here is upon rotating the sample at the magic angle (54.7° from the static 

magnetic field, Figure 1.7) the spectrum collapses into an isotropic peak flanked by a 

manifold of spinning sidebands spaced at the rotation frequency, ω�. 
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Figure 1.7 Diagram of a sample rotating at frequency ω  tilted at the magic angle θ from the static 
magnetic field MN. (Image reproduced from Ref. 30, ©2002 by Blackwell Science Ltd) 
 

 
Figure 1.8 Spectra showing how an increase in rotational speed increases the isotropic peak intensity and 
decreases the number of spinning sidebands present. 
 
This technique is known as magic angle spinning (MAS), and as seen in Figure 1.8 when 

spinning at a speed (OP = 2 QRS) that is much less than the static spectrum peak width 

(in Hz) there is no straightforward correlation between the isotropic peak and intensity. 



12 
 

However, as the rotational frequency increases the number of spinning sidebands 

decreases proportionally and this intensity effectively collapses into the isotropic peak 

making it distinct, not only in intensity, but as the only peak that does not move with 

varying rotational frequencies.   

The magic angle is derived from splitting the chemical shift tensor into two parts, 

one that defines the isotropic component and the other a symmetric tensor used to define 

the anisotropic component.  The key element of the symmetric tensor is the inclusion of a 

factor of 3UVW�X − 1, where θ defines the angle between the tensor and the static 

magnetic field vector M5. By tilting the sample to an angle of 54.7° (the magic angle or 

θR) in relation to the static magnetic field this term collapses to zero making the entire 

tensor zero. This applies only for a crystallite in the bulk powder whose tensor is tilted at 

the magic angle; however, the other crystallite orientations do not experience this 

collapse. By introducing mechanical rotational motion of a sufficient frequency all of the 

different orientations will be sampled, averaging the tensors of all the crystallites to zero. 

Previously the complete NMR Hamiltonian was introduced. Here an elaboration 

is provided for the chemical shift Hamiltonian, ĤCS. If the static magnetic field is aligned 

along the z-axis35 in the laboratory frame it has the form: 

 ĤCS =  γ�. Z. M[  

        =  γ\I]. I^. I_`. aσ]] σ]^ σ]_σ^] σ^^ σ^_σ_] σ_^ σ__c . a 00B_
c 10 

        =  γ\I]σ]_B_ + I^σ^_B_ + I_σ__B_`.   
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where I the spin angular momentum, Bo is the static magnetic field, and and σ is the 

chemical shielding tensor, which describes the secondary magnetic field produced by the 

electrons at a given atomic site when subjected to a static magnetic field.  

For a static crystal the secular approximation27 allows the truncation of any term 

that does not commute with the Zeeman interaction. The resulting equation, 11, indicates 

only those perturbations aligned along the z-axis affect the observed spectrum, although 

this does not imply the other terms in the tensor do not contain detailed information about 

the molecular environment, as will be seen in Chapter 3.  

 ĤCS =  γI_σ__B_ 11 

The electrons of these systems can move in a manner in which they either enhance 

(deshielding) or diminish (shielding) the magnetic field felt by the nucleus. These 

secondary magnetic fields result in minute changes to the effective magnetic field felt by 

the nucleus, transforming Bo into Beff. In liquid-state and solid-state MAS NMR 

experiments the system observed is not static, and the motion slightly alters how the 

static field and chemical shielding tensor interact. As Bo no longer sees a single 

orientation instead of using σzz it will instead be defined as σiso which is the trace of the 

diagonal elements in the chemical shielding tensor, giving the new definition for the 

magnetic field as Me�� = (1 − σfgh)M5, which when substituted into equation 11 gives a 

new definition of the chemical shielding, 12.  

 ĤCS =  γI_Mijj 12 
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In practice, chemical shifts are measured experimentally which represents the relative 

difference in shielding between the nuclei in a sample and that of a suitable reference 

compound, this relationship is seen in equation 13 (ωo = -γB0). 

 δ =   Ω − Ω�e�ωh  x 10n = (σ�e� − σ) x 10n  13 

The shielding and shift are directly related, although have opposite signs, thus as 

shielding increases the shift proportionally decreases and vice versa. This equation also 

shows how another problem in NMR is side-stepped with the use of a reference 

compound (Ωref or σref). The inclusion of a reference compound makes it so the 

frequencies do not need to include the field that they are measured on nor the absolute 

shift number in Hz. These shift differences are exceedingly small so the factor of 106 is 

added and shifts are quoted in ppm. Any compound can be used as a reference, however 

IUPAC36 has recommended certain compounds and procedures so as to standardize these 

relative shifts. 

The information obtained from the chemical shift of a molecule can be 

informative of local atomic and molecular environment, but there are changes in the 

atomic structure that are not easily detected by a change in the chemical shift, one such 

example is the changing of the protonation state of the carbonyl carbon in carboxylic 

acids. The change in isotropic chemical shift between protonated and deprotonated can be 

as little as 4 ppm. When compared to the broad range possible for carbon shifts it makes 

determining the protonation state difficult. In this instance the chemical shift may not be 

adequate to accurately describe the system, but by looking at the components of the 

chemical shielding tensor there are two large changes; however, they are opposite in 
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magnitude effectively canceling each other resulting in only a small change in the 

chemical shift.  

It is also possible to define the chemical shielding Hamiltonian, 10, in terms of the 

chemical shift, 14. 

        Ĥop =  γ\I]. I^. I_`. qδ]] δ]^ δ]_δ^] δ^^ δ^_δ_] δ_^ δ__
r . a 00B_

c 14 

This tensor describes an atomic site in any given orientation relative to the static 

magnetic field. This positional dependence is not seen in liquids due to its isotropic 

tumbling; solids lack this tumbling making the chemical shift anisotropic, which is the 

primary cause of line broadening in SSNMR of low natural abundance nuclei. The 

eigenvalues of the chemical shift anisotropy (CSA) tensor are the basis for a principle 

axis system (PAS), which are used to compute δaniso and η, the CSA (15) and asymmetry 

(16) values respectively; and these values are the standard method used to report the PAS 

values. The PAS components are still represented by δ but have capital subscripts 

with sδ�� − δfghs ≥ sδ�� − δfghs ≥ sδuu − δfghs. These values correlate to the physical 

property of the atoms induced field aligning with the static applied field in the X, Y, and 

Z direction (Figure 1.9).  

 δvwfgh = δ�� − δfgh 15 

 η = δuu − δ��δvwfgh  16 

Returning to the carboxylate example the δ��and δuu values change such that an 

increase in δ��is met with almost an identical decrease in δuu leading to almost a net zero 
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change in the isotropic value as the δfgh is defined as 
y (δ�� + δuu + δ��). This example 

shows the CSA provides greater detail of the local molecular interactions for a given 

atomic site. The primary limitation that will be faced is the methodology required to 

obtain this information as systems increase in complexity.  

 
Figure 1.9 Graphical representations of the Principle Axes in a carboxylate group.(Reproduced from Ref. 
29, ©2008 John Wiley & Sons Ltd)  
 

Once a spectrum is obtained Herzfeld and Berger developed a simple method to 

calculate CSA parameters which relates the intensities of the resonances in the manifold 

of spinning sidebands to the CSA PAS components.37 As a powder pattern was no longer 

needed it considerably reduced the experimental time; however, the manifold of spinning 

sidebands still cover the same width as the original powder pattern. Therefore, as the 
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system increases in complexity the spectrum quickly becomes crowded and the resulting 

peak overlap makes reliable CSA parameter determination impossible.    

1.3 Application and Validation of Novel Pulse Sequences and Methods 

The methodology we utilize to circumvent this problem was originally 

implemented to rid the spectrum of spinning sidebands. First developed by Dixon in 1982 

Total Suppression of Sidebands (TOSS),38 utilizes rotor synchronized pulses to 

effectively make the CSA time dependent, leaving only the isotropic peaks. While 

obtaining clearly resolved isotropic peaks, the information about the detailed molecular 

environment is lost. In 1990 Robert Griffin built off this technique, developing a two 

dimensional experiment that produced isotropic peaks in one dimension while 

reintroduced the anisotropic interactions into the other, labeling this technique TOSS-

DeTOSS (TDT),39 as performing the TOSS sequence in reverse reintroduces the 

anisotropy.  

A search of the literature reveals no formal benchmarking of the TDT method has 

been published, and as shown in the original paper the method suffers from artifacts 

caused by π pulse imperfections as well as lineshape distortions attributed to rf 

transmitter offset dependence (for optimizations see Appendix A). A method called Phase 

Adjusted Spinning Sidebands (PASS) which was developed almost concurrently with 

TDT claims to address some of these issues but again no formal validation appears in the 

literature. Furthermore, PASS generates a spectrum that requires the ω2 dimension to be 

spliced to bring all of the sidebands into alignment with the isotropic peaks present. In 

my opinion these additional steps needed to analyze the spectra generate unnecessary 
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additional work and does not make it easy to assess the quality of data before the 

experiment has completed, spurring us to pursue effective ways to improve the TDT 

pulse sequence.  

In an effort to overcome these limitations, our group first implemented a 

relatively new type of phase cycling created by Malcolm Levitt called cogwheel phase 

cycling40 which significantly reduces the number of transients required for each t1 step.  

 ϕ{ = 2πv{N j 17 

Through a non-trivial numerical solution of the winding equation, 17, where vq is the 

winding number, N is the number of steps, and j is the transient counter, we are able to 

reduce the number of required steps from 6,561 (which would be needed if using a 

traditional nested phase cycle which scales as 3N, where N is the number of pulses) to 16. 

Not only does the implementation of the cogwheel phase cycle reduce the total 

experimental time but as shown in Chapter 3 there is no longer a strong dependence on 

transmitter offset in the observed δaniso value.   

TDT still has limitations as it relies on slow spinning and the relative size of the 

CSA. If δaniso is not at least 2.5 times larger than the spinning speed for a sample with 

η=0.5 an optimal value is difficult to attain.41 Consequently, in order to describe a greater 

number of atomic sites (δaniso ≤ 2.75 kHz) a new method is required. Gan and Hung 

proposed a pulse sequence (xCSA) designed with magic angle turning (MAT) as its 

platform in 2011 that effectively amplifies the δaniso value.42 xCSA uses a series of 

carefully spaced pulses restricted to a constant time interval to amplify the CSA values by 

a predetermined factor, producing the effect of spinning at a lower frequency.  
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The xCSA pulse sequence developed by Gan and coworkers  address many of the 

issues found in previously developed pulse sequence such as decreased sensitivity43,44 

and small amplification factors.45 The work presented in the literature shows these 

improvements through a glycine sample, however, we wish to prove that the 

amplifications and CSA values obtained fall in line for larger and more complex systems 

before application to a novel ill-defined system such as 9TBAE. For these we follow a 

similar path to that for the TDT pulses sequence as will be seen in Chapter 3. 

The basic principles of NMR and SSNMR have been presented in this chapter and 

as discussed above a more thorough presentation of the individual techniques will be 

made in each chapter. Again, this thesis is intended to provide a qualitative understanding 

of SSNMR and its utilization to elucidate molecular structure and not an exhaustive 

presentation of the NMR theory employed.  

  



20 
 

1.4 References 

 (1) Harris, R. K. Solid State Sciences 2004, 6, 1025. 

 (2) de Dios, A. C.; Jameson, C. J. In Annual Reports on NMR Spectroscopy; 
Webb, G. A., Ed.; Academic Press: 1994; Vol. Volume 29, p 1. 

 (3) Koenig, S. H.; Brown, R. D. Magnetic Resonance in Medicine 1984, 1, 
478. 

 (4) Stengle, T. R.; Hosseini, S. M.; Basiri, H. G.; Williamson, K. L. Journal 

of Solution Chemistry 1984, 13, 779. 

 (5) Wishart, D. S.; Sykes, B. D.; Richards, F. M. Biochemistry 1992, 31, 
1647. 

 (6) Chu, P. P.; Wu, H. D. Polymer 2000, 41, 101. 

 (7) Hakkarainen, B.; Fujita, K.; Immel, S.; Kenne, L.; Sandström, C. 
Carbohydrate Research 2005, 340, 1539. 

 (8) D’Agostino, C.; Mitchell, J.; Gladden, L. F.; Mantle, M. D. The Journal of 

Physical Chemistry C 2012, 116, 8975. 

 (9) Millet, O.; Mittermaier, A.; Baker, D.; Kay, L. E. Journal of Molecular 

Biology 2003, 329, 551. 

 (10) Echalier, A.; Trivelli, X.; Corbier, C.; Rouhier, N.; Walker, O.; Tsan, P.; 
Jacquot, J.-P.; Aubry, A.; Krimm, I.; Lancelin, J.-M. Biochemistry 2005, 44, 1755. 

 (11) Finerty, P. J.; Mittermaier, A. K.; Muhandiram, R.; Kay, L. E.; Forman-
Kay, J. D. Biochemistry 2005, 44, 694. 

 (12) Ishima, R.; Torchia, D. A. Nat Struct Mol Biol 2000, 7, 740. 

 (13) Blickling, S.; Renner, C.; Laber, B.; Pohlenz, H.-D.; Holak, T. A.; Huber, 
R. Biochemistry 1997, 36, 24. 

 (14) Krause, N. The Journal of Organic Chemistry 1992, 57, 3509. 

 (15) Chokshi, H. P.; Barbush, M.; Carlson, R. G.; Givens, R. S.; Kuwana, T.; 
Schowen, R. L. Biomedical Chromatography 1990, 4, 96. 

 (16) Grandinetti, P. J.; Baltisberger, J. H.; Farnan, I.; Stebbins, J. F.; Werner, 
U.; Pines, A. The Journal of Physical Chemistry 1995, 99, 12341. 



21 
 

 (17) Gao, P. Pharmaceutical Research 1996, 13, 1095. 

 (18) Zumbulyadis, N.; Antalek, B.; Windig, W.; Scaringe, R. P.; Lanzafame, 
A. M.; Blanton, T.; Helber, M. Journal of the American Chemical Society 1999, 121, 
11554. 

 (19) Ptak, M.; Egret-Charlier, M.; Sanson, A.; Bouloussa, O. Biochimica et 

Biophysica Acta (BBA) - Biomembranes 1980, 600, 387. 

 (20) Oda, Y.; Yamazaki, T.; Nagayama, K.; Kanaya, S.; Kuroda, Y.; 
Nakamura, H. Biochemistry 1994, 33, 5275. 

 (21) Bagno, A.; Comuzzi, C.; Scorrano, G. Journal of the American Chemical 

Society 1994, 116, 916. 

 (22) Claridge, T. D. High-resolution NMR techniques in organic chemistry; 
Newnes, 2008; Vol. 27. 

 (23) Yee, A. A.; Savchenko, A.; Ignachenko, A.; Lukin, J.; Xu, X.; Skarina, T.; 
Evdokimova, E.; Liu, C. S.; Semesi, A.; Guido, V.; Edwards, A. M.; Arrowsmith, C. H. 
Journal of the American Chemical Society 2005, 127, 16512. 

 (24) Harris, R. K.; Wasylishen, R. E.; Duer, M. J. NMR Crystallography, 2009. 

 (25) Kim, T.; Zhu, L.; Mueller, L. J.; Bardeen, C. J. J Am Chem Soc 2014, 136, 
6617. 

 (26) Mueller, L. J.; Dunn, M. F. Accounts of Chemical Research 2013, 46, 
2008. 

 (27) Haeberlen, U. High Resolution NMR in Solids Selective Averaging: 

Supplement 1 Advances in Magnetic Resonance; Elsevier, 2012; Vol. 1. 

 (28) Keeler, J. Understanding NMR spectroscopy; John Wiley & Sons, 2011. 

 (29) Levitt, M. H. Spin dynamics: basics of nuclear magnetic resonance; John 
Wiley & Sons, 2001. 

 (30) Duer, M. J. Solid state NMR spectroscopy: principles and applications; 
John Wiley & Sons, 2008. 

 (31) F. Bloch, W. W. H. M. P. Phys. Rev. 1946, 70, 474. 

 (32) Andrew, E.; Bradbury, A.; Eades, R. 1958. 

 (33) Lowe, I. J. Physical Review Letters 1959, 2, 285. 



22 
 

 (34) Andrew, E. R.; Bradbury, A.; Eades, R. G. Nature 1959, 183, 1802. 

 (35) Mueller, L. J. Concepts in Magnetic Resonance Part A 2011, 38A, 221. 

 (36) Harris, R. K.; Becker, E. D.; Cabral de Menezes, S. M.; Granger, P.; 
Hoffman, R. E.; Zilm, K. W. Pure Appl. Chem. 2008, 80, 59. 

 (37) Herzfeld, J.; Berger, A. E. The Journal of Chemical Physics 1980, 73, 
6021. 

 (38) Dixon, W. T. The Journal of Chemical Physics 1982, 77, 1800. 

 (39) Kolbert, A. C.; Griffin, R. G. Chemical Physics Letters 1990, 166, 87. 

 (40) Ivchenko, N.; Hughes, C. E.; Levitt, M. H. Journal of Magnetic 

Resonance 2003, 164, 286. 

 (41) Hodgkinson, P.; Emsley, L. The Journal of Chemical Physics 1997, 107, 
4808. 

 (42) Hung, I.; Gan, Z. J Magn Reson 2011, 213, 196. 

 (43) Crockford, C.; Geen, H.; Titman, J. J. Chemical Physics Letters 2001, 344, 
367. 

 (44) Shao, L.; Crockford, C.; Geen, H.; Grasso, G.; Titman, J. J. Journal of 

Magnetic Resonance 2004, 167, 75. 

 (45) Orr, R. M.; Duer, M. J.; Ashbrook, S. E. Journal of Magnetic Resonance 
2005, 174, 301. 

 



23 
 

Chapter 2 

Structure Elucidation from Chemical Shift 

2.1 Introduction 

 NMR provides a means to probe highly local chemical details with atomic 

resolution. The most accessible parameter acquired in NMR experiments is the isotropic 

chemical shift (CS) which yields critical information regarding the immediate electronic 

environment surrounding the nucleus being interrogated. Within the chapter we will 

explore how the CS provides a basis for understanding the molecular environment in 

metal organic frameworks (MOFs) and DNA binding, followed by an illustration of how 

collaborative efforts involving experimental NMR and computational chemistry can be 

used synergistically to improve first principles predictions of chemical shift. 

2.2 Application in a Metal Organic Framework System 

2.2.1 Introduction 

Metal organic frameworks (MOFs) are porous materials assembled from metal 

ions or clusters and organic ligands and have shown potential applications in fields such 

as gas storage and adsorption,1,2 catalysis,3-6 drug delivery,7 electrochemistry, and 

photoelectrochemistry.8-13 Recent reports have also demonstrated high proton 

conductivities.14-22 Water-mediated proton-conducting MOFs operating at low 

temperatures and anhydrous proton-conducting MOFs working at intermediate 

temperatures23,24 have been well investigated. The design flexibility and framework 

stability have made MOFs a versatile platform for different types of ion conducting 
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materials. The crystalline nature of MOF materials further allows precise determination 

of their structures,25-28 providing an opportunity to probe the conduction mechanism, 

which is vital to the rational design and development of new generations of ion 

conductors.  

Fuel cells are among a number of viable options to address today’s energy and 

environmental concerns.29 Ion exchange membranes are a crucial component of fuel 

cells, acting as a barrier between the fuel and the oxidizing agent while transporting 

charges from one electrode to another within the cell. Although current state-of-art fuel 

cells employ Nafion family proton conductors,30 anion exchange membrane fuel cells are 

now attracting growing interest due to their potential advantages,31,32 especially their 

favorable oxygen reduction kinetics, which would allow for less platinum loading on the 

electrodes or even nonprecious metal catalysts during the electrochemistry process. 

While significant efforts have been put into developing MOFs for proton exchange 

membrane fuel cells, few studies have been reported on anion-conducting MOFs that 

could be utilized in anion exchange membrane fuel cells.33 

Anion conductivity can be achieved with the same strategy used for the synthesis 

of cationic frameworks.34 However, unless there are special factors at play, the direct 

synthesis of stable and porous MOFs favors neutral frameworks. Given the fact that a 

large pool of neutral frameworks are available, post-synthetic methods35-38 that allow the 

conversion of neutral frameworks into cationic ones are highly desirable. Here, we 

demonstrate a method (termed anion stripping) that can be used to accomplish this task. 

By taking advantage of the stronger affinity of F− to Al3+ than to Cr3+ or Fe3+, this method 
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uses Al3+ to strip Cr3+-bonded F− ions away from Cr3+ sites and replaces charge-balancing 

framework-attached F− anions with mobile Cl− and OH− anions. (Figure 2.1) 

 
Figure 2.1 Illustration of Anion stripping process with AlCl3. 
  

2.2.2 Experimental 

Magic-angle-spinning (MAS) SSNMR experiments were performed at 14.1 T (1H 

frequency 600.01 MHz) on a Bruker AVANCE spectrometer equipped with a triple-

resonance 1.3 mm Biosolids (1H/13C/15N) MAS probe, spinning at a MAS rate of 50 kHz. 

1D spectra were generated by Fourier transformation of a time-domain FID in response 

to a 3 µs excitation pulse, with 512 complex time-domain data points digitized with a 

dwell of 10 µs (spectral width 100 kHz, total acquisition time 5.12 ms). 32 transients 

were averaged with a recycle delay of 0.1 s. Longer recycle delays were found to increase 

the intensity of the broad baseline component, but did not lead to increased intensity of 

the major components. Dehydrated solids are obtained by drying in the vacuum oven 

overnight.  

2D spectra (Figure 2.2) were acquired using a standard NOESY/Exchange 

Spectroscopy (EXSY) pulse sequence.39 In the indirect dimension, 256 complex points 

with a dwell of 20 µs (spectral width 50 kHz, total acquisition time 5.12 ms) were 
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acquired, while in the direct dimension, 512 complex points with a dwell of 10 µs were 

acquired (spectral width 100 kHz, total acquisition time 5.12 ms). Three 2D EXSY 

spectra were acquired with the following timings: A. recycle delay set to 0.03 s, mixing 

time to 0 s; B. recycle delay set to 1 s, mixing time to 0 s; and C. recycle delay set to 1 s, 

mixing time to 0.5 s.  

2.2.3 Conclusions from SSNMR 

In addition to energy dispersive x-ray (EDX) data, support for the inclusion of an 

OH− anion into the MIL-100-Cr framework comes from solid-state NMR spectroscopy. 

Figure 2.2 shows 1H spectra for MIL-100-Cr-F and MIL-100-Cr-OH under conditions of 

low and ambient exposure to moisture. Inclusion of OH− correlates with an additional 

peak at −0.2 ppm, while increasing hydration leads to increased downfield peak intensity 

at 6.1 ppm. We therefore assign these peaks to the hydrogens of hydroxide and water, 

respectively. Both peaks are found to relax quickly (Figure 2.3), consistent with direct 

association with the paramagnetic Cr sites. A third spectral component, centered at ∼3.7 

ppm, is assigned to hydrogens on the aromatic ligands. These assignments are consistent 

with similar observations in other paramagnetic MOF systems.40 Two-dimensional (2D) 

chemical-shift–chemical-shift correlation experiments allow better resolution of these 

three sites. Also evident in the 2D spectrum is a “ridge” of more slowly relaxing 

hydrogens. 
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Figure 2.2 1H spectra for MIL-100-Cr-F and MIL-100-Cr-OH obtained from solid-state NMR. 

 In these 2D experiments of MIL-100-Cr-OH the first performed selects for fast relaxing 

components, the second for all components, and the third for long relaxing components. 

The corresponding spectra are shown in Figure 2.3. Note that in the first (top left), only 

the very quickly relaxing Cr-bound peaks are observed. In the second (top right), there is 

a sharp ridge that is both narrower (longer T2) and more slowly relaxing (longer T1). 

This component can be selected by increasing the mixing time in the EXSY sequence to 

0.5 s (bottom), during which the paramagnetically-bound species relax. From these 

observations we tentatively assign this ‘ridge’ of more slowly relaxing hydrogens to 

nonspecifically adsorbed water within the porous framework, as the water molecules 

present experience a significant distribution of paramagnetic shifts (from -15 to +15 

ppm), but reduced relaxation enhancement when compared to the specifically bound 1H’s 

in the first 2D experiment.   
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Figure 2.3 Two-dimensional chemical-shift – chemical-shift correlation spectroscopy of MIL-100-Cr-OH 
under conditions of ambient exposure to moisture. Top Left - Fast relaxing components directly bonded to 
Cr are selected by a short recycle (relaxation) delay and 0 s exchange mixing time Top Right - Fast and 
slow relaxing components selected using a recycle delay of 1 s and 0 s exchange mixing time. Bottom - 
Slow relaxing components (tentatively assigned to adsorbed water in the framework channels) selected by a 
recycle delay of 1 s and a mixing time of 0.5 s. 
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2.3 Application in DNA nucleotide dimer bridging 

2.3.1 Introduction 

Single strand self-association within DNA has been recognized only 

comparatively recently as pertinent to biological processes.41-43 Patterns of self-

association between identical bases include the i-motif, which consists of proton-bound 

dimers of cytosine intercalated with one another,44-56 and G-quaduplexes, which bind the 

Watson–Crick face of one purine to the Hoogsteen face of another. Figure 

2.4A schematically depicts the intercalation of proton-bound deoxyC dimers (also called 

hemiprotonated C-dimers, represented by ellipses) within a single strand in the i-motif, 

while Figure 2.4B represents the proton-bridged association of the two Watson–Crick 

faces of a pair of cytosine residues within each ellipse. 

 
Figure 2.4 A) Schematic depiction of intrastrand stacking of three proton-bound cytosine dimers within 

the i-motif, which alternates dimers (represented as ellipses) from regions 1 and 3 with dimers from regions 
2 and 4. B) Association of two cytosines in a parallel orientation promoted by binding a proton between 
them. Two hydrogen bonds flank the ionic hydrogen bond between the ring nitrogens, with unequal N–O 
distances rNO and rON, as validated by nearly all published crystallographic structures as well as the spectra 
reproduced below. Deprotonation leads to net repulsion between the two rings (represented by) (to the far 
right). 

Schwalbe and coworkers recently published a detailed analysis of the i-motif structure of 

a 21-deoxynucleotide C-rich repeat unit from telomeric DNA.44-46 By means of NMR of 

labeled single strands, as well as circular dichroism (CD) and other techniques, they 
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uncover a number of important structural features of the i-motif, such as the equilibrium 

and rates of interconversion between isomeric forms. Intermolecular association of oligo-

C strands has also been demonstrated by CD studies, which give an idea of how many 

bases are needed to overcome the entropic barrier to H+-promoted pairing.47 

Recent work raises the possibility that intrastrand association takes place not only 

at the ends of chromosomes (the telomeric region) but also within double helical domains 

deep inside duplex DNA. Such aggregation requires that C.G-rich regions of the Watson–

Crick duplex separate from one another and form the i-motif and a G-quadruplex, 

respectively. One model proposes that promoters of genes such as c-

Myc or VEGF undergo such a conformational change while underwound and that this 

influences transcription.48-56 

Many crystallographic structures of the proton-bound dimer of cytosine and its 

derivatives have been published,57-67 as well as of a number of aggregates of C-rich 

oligonucleotides that bind together via the i-motif.68-73 Association of N-substituted 

cytosines with their conjugate acids has recently been demonstrated in solution, as well.74 

On the one hand, the majority of crystal structures show that the 

distances rNO and rON shown in Figure 2.4 differ by between 0.15 and 0.2 Å in the 

equilibrium geometry, consistent with the solid phase NMR spectra reported below. On 

the other hand, calculations suggest that proton transfer from one base to the other should 

occur easily, interchanging the two distances.75 The calculated barrier for the proton-

bound dimer of cytosine does appear to have a value higher than that for the proton-
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bound dimer of 8-aminopurine, for which theory predicts a low-barrier ionic hydrogen 

bond.76 

Published data do not unambiguously resolve the question of the symmetry of 

hemiprotonated cytosines at room temperature. The barrier may depend on environment 

and the identity of the counterion. A careful X-ray investigation by Bošnjaković-Pavlović 

and Spasajević-de Biré reveals a temperature-dependent example.67 Above 200 K the 

decavanadate salt of the proton-bound dimer of cytosine possesses an inversion point of 

symmetry, meaning that rNO has the same value as rON, but at 100 K the symmetry 

vanishes. In another case, the two nitrogen–oxygen distances become nearly equal in the 

middle of a tetrameric stack of proton-bound oligodeoxynucleotides, but not at the ends.73 

 
Figure 2.5 1-methylcyotisine dimer, 1. 

2.3.2 Experimental 

1-Methylcytosine was prepared by Dr. Hou Ung of the Morton Group as 

described in the literature.77 5-Fluoro-1-methyl-cytosine and 1,5-dimethylcytosine were 

prepared from commercially available 5-fluorocytosine and 5-methylcytosine, 
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respectively, using the same procedure. Crystalline samples of the iodide salt of 1 were 

prepared by adding 0.5 equivalents of 47% aqueous hydrogen iodide to a saturated 

solution of 1-methylcytosine in absolute ethanol, removal of solvent by distillation under 

reduced pressure, and recrystallization of the resulting solid 7 times from absolute 

ethanol. After repeated recrystallizations the mixture of polymorphs resolved principally 

into crystal habit B, fine needles whose solid phase NMR spectra are reproduced 

in Figure 2.6 and 2.7. 1-Methyl-d3 cytosine was prepared using a method previously 

described65,66 but with CD3I in place of CH3I. 

Magic angle spinning (MAS) solid state NMR (SSNMR) experiments were 

performed at 14.1 T (1H frequency 600.01 MHz) on a Bruker AVANCE III spectrometer 

equipped with a triple-resonance 1.3 mm Biosolids (1H/13C/15N) MAS probe, spinning at a 

MAS rate of 50 kHz. Solid state proton spectra were generated by Fourier transformation 

of a time-domain FID in response to a 3 μs excitation pulse, with 8192 complex time-

domain data points digitized with a dwell of 40 μs (spectral width 25 kHz, total 

acquisition time 328 ms). 16 transients were averaged with a recycle delay of 3 s. Water 

served as an external standard calibrated to the chemical shift of TMS. The peaks in the 

proton SSNMR all have approximately the same linewidth (568 ± 174 Hz full width at 

half maximum). 

13C cross-polarization (CP) MAS SSNMR experiments were performed at 14.1 

and 9.4 T (1H frequency 600.01 and 400.37 MHz respectively) using a double-resonance 

4 mm MAS probe, spinning at a MAS rate of 8 kHz. 9.4 T experiments were performed 

on the Bruker AVANCE III spectrometer equipped with a double-resonance 2.5 mm 
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MAS probe, spinning at a MAS rate of 20 kHz. 83 kHz 1H π/2 and decoupling pulses 

were used along with a 2 ms CP and high power (83 kHz) 1H decoupling during 

acquisition. During CP the 13C nutation rate was set to 41 kHz and the 1H nutation rate 

ramped from 58–77 kHz. For each spectrum, 2048 complex data points with a dwell of 

20 μs (spectral width 50 kHz, total acquisition time 41 ms) were acquired with a recycle 

delay of 3 s (14.1 T) and 4 s (9.4 T). 15N CP-MAS experiments on the iodide salt 

of 1 were performed at 9.4 T as described above, with 1024 complex data points with a 

dwell of 30 μs (spectral width 33.3 kHz, total acquisition time 30 ms) acquired with a 

recycle delay of 4 s. During CP the 15N nutation rate was set to 50 kHz and the 1H 

nutation rate ramped from 58–77 kHz. 15N CP-MAS of the neutral and protonated 

monomers were performed at 14.1 T under conditions described above.  

2.3.3 Results and Implications on Crystal Habitat from SSNMR 

Repeated recrystallizations of salts of the proton-bound dimer of 1 from absolute 

ethanol by Dr. Ung yields two different crystalline compounds, depending on whether an 

excess of molecular iodine is present. On one hand, the tri-iodide salt of 1 (black needles) 

contains two molecules of water for every proton-bound dimer. Cursory X-ray analysis of 

a polycrystalline sample indicates that it crystallizes in the P21/c space group. On the 

other hand, the mono-iodide salt of 1 contains no water but exists as a mixture of 

colorless polymorphs, one of which (crystal habit A) has the same unit cell dimensions as 

the previously reported structures (monoclinic P; a = 7.1788 Å, b = 8.6098 Å, c = 

11.4628 Å, β angle = 97.241° at 100 K),66 while the other (crystal habit B) exhibits a 

monoclinic C-centered cell (a = 20.430 Å, b = 6.473 Å, c = 13.064 Å, β angle = 125.395° 
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at 100 K). The two crystal habits of the mono-iodide differ qualitatively as habit A forms 

flakes, while habit B forms small needles. 

A SSNMR 1H spectrum of a sample of the mono-iodide salt of 1 that is 

predominantly the B form shows five proton resonances. The furthest downfield shift 

occurs at 16.1 ppm (Figure 2.6), which matches almost exactly the chemical shift 

predicted by GIAO calculations for the bridging proton in between the two ring 

nitrogens. The solid-phase probe does not have a wide range of temperature variability, 

but the proton SSNMR near 50 °C is superimposable upon the one at room temperature. 

 
Figure 2.6 Experimental ssMAS NMR 1H spectrum (600 MHz) of the iodide salt of 1. 

 

The proper number of 1H resonances (five) are exhibited for the bridging proton 

being held midway between the two ring nitrogens (rNO=rON). However, heteronuclear 

NMR demonstrates that the iodide salt of 1 potentially does not possess such a high 

degree of symmetry. 
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Figure. 2.7 (A) Solid phase 15N NMR (40.5 MHz) of the proton bound dimer of 1-methylcytosine, 1, as its 

iodide salt; (B) 13C SSNMR (100.6 MHz) of the iodide salt of 1 (crystal habit B). 
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Figure 2.7 reproduces the 13C and 15N SSNMR spectra of the sample. The resonances 

predicted for the isolated dimer cation in the gas phase enable the assignments 

summarized in Figure 2.7. Table 2.1 lists the 13C and 15N chemical shifts and assignments 

for the constituent monomers as well as for the proton-bound dimer. 

Table 2.1 CP-MAS 13C and 15N chemical shifts (ppm) of crystalline samples of the iodide salt of 1 and its 

monomeric constituents at 150.87 MHz (carbon), 40.5 MHz (nitrogen) for the iodide salt of 1, and 60.8 

MHz (nitrogen) for neutral 1-methylcytosine and the iodide of its conjugate acid. External standard for 

carbon is adamantane referenced to TMS. External standard for nitrogen is ammonium chloride referenced 

to liquid ammonia. 

  Neutral MeCyt Conjugate acid I
-
 salt Proton-bound dimer I

-
 salt 

Carbon 

Methyl 40.0 42.8 39.5, 40.8 

C5 vinyl 94.9 92.6 93.6, 98.4 

C6 vinyl 147.5 148.3 148.7, 150.0 

Carbonyl 157.5 152.8 155.0 

C–NH2 168.7 159.8 163.7, 164.2 

  

Nitrogen 

N–Me 139.7 144.0 135.2, 136.4 

H2N 93.6 101.2 102.6, 107.7 

Ring N 207.8 147.3 169.7 

The symmetry of the proton-bound dimer of cytosine and its derivatives has 

occasioned much discussion.65-67 The 13C and 15N solid state NMR spectra of solid 

samples of the iodide salt of the proton-bound dimer of 1 (predominantly the B crystal 

habit) confirm the asymmetry of the dimer at room temperature. The bridging proton 

preferentially associates with one or the other of the two ring nitrogens, as Figure 

2.6 illustrates, permitting differentiation between the charged and the uncharged partners 
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in 1. Vibrational spectroscopy of gaseous ion 1 at ambient temperature and the IR of its 

crystalline iodide salt show such similarities as to suggest that 1 has the same structure in 

both phases. 

The widths of solid phase 1H NMR absorptions (>100 Hz) preclude measurement 

of scalar spin–spin coupling constants and also make it difficult to separate closely 

spaced resonances, and although the proton NMR of the crystalline iodide salt of 1 shows 

only five peaks, possibly consistent with a symmetric structure. The heteronuclear solid 

phase NMR spectra (15N and 13C) display five and eight peaks, respectively, which require 

the dimer to have an asymmetric structure with rNO ≠ rON at room temperature. If the 

dimer did have C2 symmetry, only three 15N and five 13C peaks should have been seen. 

 The 15N natural abundance NMR exhibits smaller differences than predicted by 

DFT for the gaseous cation. The resonances of proton-bridged ring nitrogens overlap one 

another and have a value nearly equal to the algebraic mean of the experimental values 

for neutral and monoprotonated monomers. Although the literature reports that, in the 

hydrated iodide salt of 1, 14N nuclear quadrupole resonance distinguishes between the 

proton-bridged ring nitrogens,78 this proves not to be the case in the 15N NMR 

experiments reported here. Although the charged and uncharged partners remain distinct 

in the anhydrous iodide salt of 1, NMR resolves neither the two proton-bridged ring 

nitrogens nor the two carbonyl carbons. 

In the 13C NMR the difference between the two methyl resonances of the iodide 

salt of 1, are substantially greater than theory predicts for the gaseous ion but less than 

the difference between the neutral precursor and the iodide salt of its conjugate acid, with 
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the upfield pair of vinyl resonances displaying the opposite trend. The downfield pair of 

vinylic carbons exhibits much better agreement with theory and the aminated carbons 

provide the furthest downfield absorptions, separated by only 0.4 ppm, versus a predicted 

difference of 5.2 ppm. The separation of the two carbonyl resonances from the dimer is 

less than the resolution of the instrument, while the predicted difference has a value of 

8.8 ppm. These disagreements between computation and theory suggest that, in the solid 

salts, interactions between the cations and the iodide counterion significantly affect 

shielding. 

 After the initial conclusions above, an effort was made to study these crystal 

habitats further. Upon attempts to replicate the system a small change in experimental 

procedures for recrystallization lead to forming primarily habit A. The difference in 

spectra is marked as noted in Figure 2.8. The multiplets are no longer present, decreasing 

the resonance in the 13C spectrum to five, the 15N resonances to three, while the 1H 

spectrum is virtually identical. Small changes in conformation would be difficult to detect 

in the 1H spectrum with the broad lines. Given the lack of additional resonances habit A 

appears to exhibit a symmetric structure where rNO = rON. 

A problem of this conclusion does arise though when the sample is subjected to 

temperature depend experiments. Habit B exhibits no temperature dependence when 

cooling the sample to -25°C. Habit A on the other hand experiences a significant change 

in its resonance when cooled down to -10°C (Figure 2.9).  
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Figure 2.8 13C NMR spectrum (top) and 15N NMR spectrum (bottom) of habit A at room temperature. 
Asterisks denote either spinning sidebands (13C spectrum) or impurities (15N spectrum). 
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Figure 2.9 13C NMR spectrum at (top) and 15N NMR spectrum (bottom) of habit A at -10°C. Asterisks 
denote spinning sidebands (13C spectrum). 
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This temperature dependence suggests the proton is being shuttled between the two ring 

nitrogens rather than simply being equally shared. The exact mechanism by which the 

proton is shuttled back and forth is still unclear and would require additional 

investigation. 

2.4 Developing NMR Crystallography Computation Models 

2.4.1 Introduction 

 Computational methods allow for a direct visualization of the experimental data, 

but computational quality is limited by the code and resources currently available. In 

collaboration with the Beran group an improved method was developed that allows for a 

reduction in computation time and improvement in data quality. The results of the paper 

authored by Dr. Joshua Hartman are summarized below with the key aspects where NMR 

aided in the progression of the computation method highlighted.  

 Hydrogen, carbon, nitrogen and oxygen-containing functional groups often play a 

central role in the structures, chemical reactivity, and solubility of biological and 

pharmaceutical compounds.79 Advances in instrumentation and methodology over recent 

decades have made nuclear magnetic resonance (NMR) spectroscopy a particularly 

potent tool for investigating structural features associated with 1H, 13C, 15N, and 17O 

nuclei. However, even with modern multi-dimensional NMR experiments, structure 

elucidation can prove challenging due to the complexity of the spectra and the subtle 

effects of chemical environment on the chemical shifts.  
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Computational tools play an increasingly prominent role in NMR spectral 

assignment and structure elucidation. Early ab initio chemical shielding prediction began 

with small cluster models, often employing simple charge-embedding schemes to mimic 

the crystal environment.80,81 The inherent limitations of such models resulting from their 

approximate treatment of the crystal lattice limited their widespread application. On the 

other hand, periodic density functional theory (DFT) is well-suited for modeling chemical 

shieldings in extended crystal systems, and the plane wave DFT-based gauge-including 

projector augmented wave (GIPAW) method has now become the method of choice for 

chemical shift prediction for molecular crystals.82-84  

The success of the GIPAW technique has contributed significantly to the rapidly 

expanding field of NMR crystallography, which combines solid state NMR, diffraction 

methods and ab initio chemical shielding predictions to solve crystal structures.85-89 

However, despite the widespread success of plane wave DFT methods, they suffer from 

two main limitations. First, plane wave calculations are limited to GGA-type density 

functionals in practice. Hybrid density functionals can offer improved accuracy for NMR 

chemical shift prediction,90-92 but they typically require at least an order of magnitude 

more computational effort to evaluate in a plane wave basis compared to a GGA 

functional. In contrast, the cost premium for hybrid functionals in Gaussian basis sets is 

typically less than a factor of two.  

The second limitation lies in the mapping of absolute shifts obtained from 

calculations to empirically determined chemical shifts. This mapping is generally 

performed using a simple linear regression model relating experimental and chemical 
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shifts. However, the linear regression parameters are specific to a given functional/basis 

set combination.93 Regression models obtained from plane wave/pseudopotential GIPAW 

calculations in periodic crystals are not obviously applicable to chemical shieldings 

computed for atoms in an enzyme active site using all-electron models and Gaussian 

basis sets, for instance.  

By decomposing the molecular crystal into a series of interacting molecules, 

fragment methods provide an accurate, low-cost alternative to plane wave techniques for 

computing a variety of chemical properties, including NMR chemical shieldings.90,94-98 

Fragment methods pave the way for routine use of hybrid density functionals or perhaps 

even a high-accuracy wave function-based correlation treatment of magnetic properties. 

Further, fragment methods allow the same density functionals, basis sets and empirically 

derived scaling parameters to be applied across systems ranging from molecular crystals 

to molecules in solution or even biomolecules.  

It has recently been shown that both GIPAW and an electrostatically embedded 

two-body fragment model reproduce the experimental 13C isotropic shifts in a set of 25 

organic molecular crystals to within a root mean square error of 2.1-2.2 ppm when using 

the PBE functional.91 However, using a hybrid density functional like PBE098 or 

B3LYP99 in the fragment model instead decreases the error by a third to 1.4 ppm.91 

Furthermore, the 13C chemical shielding scaling parameters obtained from that work and 

from the work presented here have been successfully applied to the NMR 

characterization of the 2-aminophenol quininoid intermediate in the mechanism of 

tryptophan synthase.100  
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Building upon the success of fragment-based methods in the context of 13C 

chemical shift predictions,91 the present work explores the application of fragment, 

cluster, and combined cluster/fragment approaches to predicting the chemical shielding 

of 1H, 15N and 17O nuclei, and it compares to the performance of these models to the 

widely used GIPAW approach. For the sake of consistency, we also slightly revise the 

earlier 13C chemical shift test results91 here using the identical geometry optimization 

protocol and sets of density functionals across all four nuclei. These four nuclei were 

chosen because of their ubiquity in organic and biological systems and their importance 

in NMR studies of these systems. Their widespread use in NMR also means that 

relatively large sets of experimental shifts could be drawn from studies found in the 

literature.  

Previous work has shown that the many-body expansion converges more slowly 

for 15N and 17O compared with 1H and 13C.90 It is particularly important, therefore, to 

assess the viability of fragment methods for these nuclei. To do so, we have compiled 

three new benchmark sets of molecular crystals consisting of 80 1H, 51 15N, and 28 17O 

experimentally measured isotropic chemical shifts. These benchmark sets augment our 

previously developed 13C set consisting of 169 shifts. This thesis will focus specifically 

on data for the 15N test set and the resulting assignment power of the 13C test set.  

These new sets include diverse chemical shifts that span the ranges observed in 

most common biological and pharmaceutical species.101,102 The use of molecular crystals 

with well-defined and largely static structures helps mitigate the influence of 

confounding variables such as solvation or conformational dynamics. It enables more 
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direct assessment of fragment-based methods and produces linear regression parameters 

that properly account for an explicit chemical environment.  

Despite efforts to include a wide variety of chemical environments in each 

molecular crystal test set, biases resulting from the composition of the test set could 

impact both the reported accuracy of a given method and the general transferability of the 

scaling parameters. In agreement with cross-validation results obtained previously for 13C 

chemical shifts,91 the analysis reveals relatively little impact of training/validation set 

composition on both overall accuracy or scaling parameters. 

We provide an illustrative example demonstrating the utility of fragment-based 

methods coupled with the chemical shielding scaling parameters derived from these 

training sets. We help assign the previously unpublished 1H/13C heteronuclear correlation 

spectrum for the 9-tertbutyl anthracene ester (9-TBAE) molecular crystal.  

  2.4.2 Experimental 

We found relatively few examples of high-quality, small-molecule crystals with 

primary amine nitrogen chemical shifts in the literature. Therefore, new experimental 15N 

NMR chemical shifts for many amino acids (Gly, L-Tyr HCl, L-Cys HCl, L-Ser, L-Gln, 

L-Asn Monohydrate, L-Cys, D-Ala, Gly HCl, L-Glutamic Acid β Polymorph) were 

recorded for inclusion into the benchmark set (Figure 2.10). The experimental 1H and 13C 

chemical shifts for 9-tertbutyl anthracene (Section 2.4.3) are also reported here for the 

first time. 

Two-dimensional 1H, 13C heteronuclear-correlation (HETCOR) experiments103 

were performed at 14.1 T (600.01 MHz 1H, 150.87 MHz 13C) on a Bruker AV600 
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spectrometer equipped with a triple-resonance 1.3 mm MAS probe with a sample 

spinning rate of 50 kHz (±2 Hz). Less than 2 mg of microcrystalline sample were packed 

into each rotor. For these experiments, cross polarization (CP) was established using a 2 

ms contact time with nutation frequencies of 125 kHz for 1H and 75 kHz for 13C; high 

power 1H decoupling during 13C acquisition was implemented using XiX (125 kHz, 2.85 

tr). 77 Chemical shifts were indirectly referenced to neat TMS using an external sample of 

adamantane in which the 1H resonance was set to 1.87 ppm and the down-field 13C peak 

to 38.48 ppm.104,105 

15N Cross-polarization magic-angle-spinning (CPMAS) solid-state NMR 

experiments were performed at 9.4 T (1H frequency 400.37 MHz, 15N frequency 40.57 

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

MAS probe, spinning at a MAS rate of 8 kHz. 83 kHz 1H π/2 and decoupling pulses were 

used throughout, along with a 2 ms CP and high power (83 kHz) 1H decoupling during 

acquisition. During CP the 15N nutation rate was set to 46 kHz and the 1H nutation rate 

ramped from 31–41 kHz. For each spectrum, 2048 complex data points with a dwell of 

20 ms (spectral width 50 kHz, total acquisition time 41 ms) were acquired with a recycle 

delay between 4 and 60 s. Chemical shifts were referenced to external 15NH4Cl set to 0.0 

ppm. Gly, L-Tyr HCl, and L-Cys were obtained from Sigma Aldrich, D-Ala from Acros 

Organics, L-Ser from Alfa Asar, L-Asn Monohydrate and L-Glutamic Acid β Polymorph 

from Fisher Scientific, and L-Gln from MP Biomedical. These crystal samples were used 

directly from the supplier without recrystallization. The crystal structures of the samples 

were confirmed via powder x-ray diffraction. 
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Figure 2.10 Experimentally obtained 15N chemical shifts that are included in the benchmark set. 

2.4.3 Applications of Improved Method 

 The purpose of developing the regression models is to enable chemical shift 

prediction in new systems which are not included in the test sets.  In assessing the quality 

of the predictions, one should consider the distributions of errors observed in the 

benchmark test sets. The error distributions are somewhat Gaussian, particularly for the 

larger test sets. Notably, 65–75% of the errors fall within one standard deviation of the 
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mean (zero error), and 92–97% of the errors fall within two standard deviations. These 

percentages compare favorably with the 68% and 95% probabilities expected for data 

lying within one and two standard deviations in an ideal normal distribution. 

Accordingly, as a rule of thumb, we consider any predicted shift that lies within 

twice the root-mean-square error of the experimental value to be in reasonable 

agreement. For example, based on 2-body fragment (or cluster/fragment for oxygen) data 

from Table 2.2, this means that individual PBE0 shift errors of 0.64 ppm for 1H, 3.0 ppm 

for 13C, 9.0 ppm for 15N, and 14.2 ppm for 17O should be considered acceptable. Larger 

errors will sometimes occur, of course, but relatively rarely. When considering larger sets 

of predicted shifts, one might similarly hope that the RMS errors would be similar in 

magnitude to the test set RMS errors. One could attempt to make this latter argument 

more rigorous using a χ2 test, for instance, but we do not do so here.  

The 9-tertbutyl anthracene ester (9-TBAE) has been the subject of recent 

experimental interest in light of its unique photochemical properties with our own efforts 

involving the system presented in Chapter 4. Our collaborative previous work has 

demonstrated a photodimerizationinduced expansion of the molecular crystal nanorods of 

up to 15%. 106,107 Although initial evidence characterized the photodimerized product as a 

metastable intermediate, the mechanism for the expansion remains unclear and efforts to 

describe it will be presented in Chapter 4. In this work we present tentative 1H and 13C 

assignments in the heteronuclear correlation (HETCOR) spectra for the 9-TBAE 

monomer (Figure 2.11). 
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 A previous x-ray diffraction study of the 9-TBAE crystal structure revealed two 

distinct configurations of the t-butyl side chain with a 69% to 31% occupancy ratio.107 To 

preserve these experimental crystal structure conformations, hydrogen-only plane wave 

geometry optimizations with fixed lattice parameters were performed by Dr. Hartman on 

each configuration. Fragment-based NMR chemical shielding calculations using the 

PBE0 functional and mixed basis described above with a 6 Å two-body cut off were 

performed on both optimized crystal structures. The predicted chemical shieldings were 

converted to chemical shifts using the test-set-derived PBE0 scaling parameters presented 

in Table 2.2. The predicted chemical shifts for each configuration were then weighted 

according to the site occupancy to obtain final predicted chemical shifts for assigning the 

spectrum. 

The upper panel of Figure 2.11 illustrates the HETCOR spectrum with the 

experimental peaks labeled in red and the corresponding predicted peaks in blue. While 

unambiguous assignment of CMe, C1, C2 and HMe is possible upon inspection of the 

figure, the aromatic region requires more careful analysis. The lower panel in Figure 2.11 

shows an expansion of the aromatic region of the HETCOR spectrum. 

The experimental 13C shifts are indicated as dashed red lines. Predicted cross-

peaks are illustrated using green triangles for protons directly bound to carbon and purple 

triangles for nearest neighbor protons. The predicted cross-peaks agree well with the 

experimental HETCOR spectrum, with the largest 13C error approximately ~2.5 ppm. 

Tables 2.3 and 2.4 present tentative spectral assignments based on the fragment NMR 

calculations. 
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Table 2.2 Linear regression parameters and rms errors for the 1H, 13C, 15N and 17O test sets using two-body fragment, cluster/fragment (with a 4 Å 
cluster), and GIPAW calculations. All cluster and fragment calculations employ the mixed basis, electrostatic embedding and a two-body fragment 
cut off of 6 Å. We recommend these scaling parameters be used for general applications. 
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Figure 2.11 HETCOR 1H/13C spectrum for 9-TBAE (top) and zoom focusing on the aromatic region 
(bottom). The location of the experimental 13C peaks are given by red dashed lines. Predicted cross-peak 
locations are illustrated in green for protons directly bound to the carbon and in purple for the nearest 
neighboring proton. 

Although the calculations cannot resolve either C8/C10 or C4/C9, our predicted 

shieldings provide a candidate assignment with an overall 13C RMS error of only ~1.6 

ppm (Table 2.3). Given the degree of overlap in the proton resonance for the aromatic 

region, spectral assignment of the 1H shifts proves more difficult.  



52 
 

Table 2.3 Experimental 13C isotropic shifts (in ppm) along with tentative carbon assignments based on two-
body fragment PBE0 NMR calculations using PBE0 and a mixed basis. GIPAW PBE shifts are also listed. 
See Figure 2.7 for atom numbering. 

 
 

Table 2.4 Possible cross-peak assignments of the 9-TBAE HETCOR spectrum, based on the carbon 
assignments from Table 2.3, along with the corresponding predicted 1H chemical shifts. All shifts in ppm. 
Listed atom pairs correspond to hydrogens either directly bonded to the carbon or on nearest-neighbor 
carbons. 
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Table 2.4 provides the prominent experimentally observed 1H chemical shifts along with 

candidate assignments based on cross-peak location and our previous 13C assignments. 

For each experimental 1H chemical shift, there exists at least one candidate proton whose 

calculated shift lies within ~0.4 ppm. Overall, the fragment-based 1H and 13C predicted 

isotropic chemical shifts are in excellent agreement with the corresponding experimental 

values, and the errors lie well within those expected from the error distributions observed 

in the benchmark sets. 
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Chapter 3 

Chemical Shift Anisotropy and Methodological Development and Implementation 

3.1 Introduction 

 Measurement of the isotropic chemical shift (CS) values of nuclei in 

molecules is often sufficient to determine key details regarding their local chemical 

environment. Some changes in the local electronic structure, however, have only subtle 

effects on the isotropic chemical shift. A particularly important example of this are the 

changes in the isotropic chemical shift value of the carbon in a carboxylic acid functional 

group depending on the protonation state of the oxygen atoms and usually may only 

differ by a maximum of 4 ppm. This is a rather small range considering the more than 

200 ppm span of 
13

C in organic molecules. This necessitates the use of other 

methodologies that will elucidate the full chemical shift anisotropy (CSA) tensor, the 

elements of which provide much finer detail regarding the local molecular and atomic 

structure. 

3.2 Applications of Methods to Elucidate CSA Tensor Components 

3.2.1 Slow Spinning 

 Slow spinning is best utilized when there are a few unique atoms, so as to limit 

the overlap of the spinning sidebands produced. The Tryptophan Synthase (TS) co-factor 

pyridoxial-5’-phosphate (PLP) has one unique phosphorus (
31

P is the NMR active 

isotope) atom whose protonation state can be determined through either the isotropic 

chemical shift or the full CSA tensor. TS is a 143 kDa protein that consists of two distinct 
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subunits, α and β, that are arranged as an αββα tetramer. TS catalyzes the final two major 

steps for the bio-production of L-tryptophan and has been studied for over six decades 

following its early characterization.
1,2

 The α-subunit’s primary function is to cleave 

indole from indole-glycerol-3-phosphate (IGP), for use by the β-subunit. The β-subunit is 

where the PLP co-factor is located and where the bulk of the reaction takes place 

proceeding through several intermediates (Figure 3.1). 

 
 
Figure 3.1 The proposed β-site mechanism of TS. PLP is depicted in black, the enzyme in blue, and 

substrates and metabolites are indicated in red. Intermediates studied are boxed in red. Figure adapted from 

“Catalytic roles of βLys87 in tryptophan synthase: 
15

N solid state NMR studies”, Vol. 1854 Iss. 9, Bethany 

G. Caulkins, Chen Yang, Eduardo Hilario, Li Fan, Michael F. Dunn, and Leonard J. Mueller, pp 1194-

1199, ©2015, with permission from Elsevier. 

 

Highlighted in Figure 3.1 by red boxes are 3 of the intermediates that have been 

assigned a phosphoryl charge via the isotropic shift value and have lifetimes long enough 

to be evaluated via the slow spinning method by generating quasi-stable intermediates 

from substrate or metabolite analogues. The changes in the isotropic chemical shift of the 

phosphoryl atom in relation to its ionic state span a relatively narrow range
3
 whereas the 

elements of the CSA tensor experience more significant changes detectable by 
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measurement of the tensor’s principle components in its Principle Axis System (PAS). 

During our initial studies,
4
 we utilized the isotropic value to conclude that the phosphoryl 

group was dianionic in the internal aldimine intermediate, E(Ain). Initial shift 

dependence studies determined that values above 3.55 ppm
3
 indicated dianionic species 

and the shift measured for the E(Ain) was markedly above that threshold at 4.3 ppm.  

 This system however suffers from the same problems as the carboxylate presented 

in Chapter 1. As with 
13

C, the span of the 
31

P chemical shift range is large, and 

regrettably  the difference between a dianionic and monoanionic phosphate group is only 

a few ppm in most systems.
3
 The traditional method to determine the difference in these 

valences is to perform a titration from low to high pH. The response to this increase in pH 

is a downfield movement of the chemical shift form the rapid exchange of monoanionic 

and dianionic species.
5
 This method, however, relies on large assumptions especially 

when interactions at an enzyme active site may be different from the typical interactions 

experienced in bulk solvent. The largest of these assumptions is that the pKa of the 

phosphate and environment in question is known and will react accordingly when an 

increase in pH is made. Additionally, there are many proteins where the atom of interest 

is sequestered from the solvent and thus a pH titration will have no effect on the CS, 

which is the case in TS. As the 
31

P in PLP is sequestered, the protonation state is 

determined through the assumption that the shift will behave in the same manner as like 

systems that do not experience solvent sequestration.  

 While this is a well educated guess for the protonation state of the 
31

P of PLP in 

bulk solution, we need a means to more accurately determine or confirm its ionization 
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state within the isolated microenvironment of the enzyme active site. This, as again in the 

example at the beginning of this thesis, comes through the CSA PAS values. 
31

P Studies 

in the solid state by Withers
6
 and Dobson

7
 have both independently shown that the δ

aniso
 

value (where δ�	
�� = δ�� − δ
��) undergoes a drastic change when the protonation state 

moves from monoanionic to dianionic (Table 3.1). 

Table 3.1 Summary of the systems and standards used by Dobson and Withers to predict the protonation 

state of 
31

P. All values are in ppm except η which is unitless. 

Phosphorus Sample δ
iso

 Solid δZZ δYY δXX δ
aniso

 η 

PLP (Free Acid)
a 

-2 -78.7 5.5 67.2 -76.7 0.80 

PLP (Monosodium Salt)
 a
 1.5 -73 9.5 68.1 -74.5 0.79 

PLP (Disodium Salt)
 a
 7.1 79.5 -14.6 -43.6 72.4 0.40 

Active (R) GPb
 a c

 3.6 70.8 -30 -30 67.2 0 

Inactive (T) GPb
 a c

 -0.5 66.4 -33.9 -33.9 66.9 0 

PLP (Free Acid)
b 

-1.72 -79 7 67 -77.2 0.78 

IMP(Disodium Salt)
 b d

 2.71 64 -16 -40 61.2 0.39 

Inactive (T) Tetragonal GPb
 b c

 3.4 66 -15 -41 62.6 0.42 

Active (R) Monoclinic GPb
 b c

 2 54 -5 -42 52 0.71 
a
 Values obtained from Withers

6
 

b
 Values obtained from Dobson

7
 

c 
GPb = Glycogen Phosphorylase b 

d
 IMP = Inosine-5’-monophophate 

  

Table 3.1 shows the CSA values for the model compounds and the protein Glycogen 

Phosphorylase b (GPb), with the δ
aniso

 value highlighted in grey. These two studies 

demonstrate that as the protonation state of the phosphate group in PLP changes from 

monoanionic to dianionic the value for δ
aniso

 changes from negative to positive. The 

studies also show that the isotropic chemical shift may not be the clearest indicator of 

protonation state of 
31

P as the dianionic inactive GPb protein from Withers studies has an 

isotropic shift well below that of most dianionic 
31

P compounds.
3
 The reasoning behind 

this would be consistent for all of the arguments as the literature indicates
8
 that the O-P-O 
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bond angle has the largest effect on the isotropic chemical shift, thus if these angles are 

distorted by a single degree inside the enzyme active site the CS could be misinterpreted 

resulting in an erroneous conclusion regarding its protonation state. Given the need to 

accurately determine the ionization state of the phosphoryl through a variety of catalytic 

intermediates in TS, measurement of their CSA tensors was undertaken. 

3.2.2 Experimental 

TS enzyme solution used for the studies was prepared by group member Bethany 

Caulkins. TS was expressed and purified as previously described
9,10

 with the following 

modifications. Bacteria were grown in LB containing tryptone (10 g/L), NaCl (10 g/L), 

yeast extract (5 g/L), and ampicillin (50 mg/L) until the late log phase (6 hours, 37 °C) 

when cells were harvested and transferred to minimal media. Expression was induced 

through addition of isopropyl β-D-1-thiogalactopyranoside (IPTG) to a final 

concentration of 0.2 mM in minimal media enriched with 2 g/L NH4Cl (Cambridge 

Isotope Laboratories) for 12 hours at 25 °C. Minimal media was supplemented with 40 

mL unlabeled 10X BioExpress Cell Growth Media (CIL).  

Microcrystals were prepared by diluting enzyme solution 1:1 with 50 mM Cs-

bicine buffer, pH = 7.8 containing 14% PEG-8000 and 3.0 mM spermine as described 

previously
10

 Microcrystals were collected and washed with 50 mM Cs-bicine, pH 7.8 

containing 8% PEG-8000, 1.5 mM spermine, and N-(4’-

trifluoromethoxybenzenesulfonyl)-2-aminoethyl phosphate (F9; a high affinity alpha site 

ligand that leads to longer lived TS E(AA) and TS E(Q) 2AP intermediates). As F9 also 

contains a phosphoryl group experiments were conducted with and without the ligand 



66 

 

which serves the two fold purpose of checking if its inclusion affects the chemical shift of 

the 
31

P in PLP and ascertaining if the two peaks are distinguishable when observed 

together.  If the intermediate does not include F9, the crystallization buffer did not 

include the compound. Magic-angle-spinning rotors were packed at 10,000 rpm, and each 

rotor contained approximately 25-30 mg of protein. 

The experiments were performed at 9.39 T (400.37 MHz 
1
H, 162.07 MHz 

31
P) on 

a Bruker AVIII spectrometer equipped with an 
1
H-X double resonance 4 mm MAS 

probe, spinning at a MAS rate of 2 kHz, and with the bearing gas cooled to -2 or -5 °C, 

giving an effective sample temperature of -7 or -10 °C. Cross-polarization was 

accomplished at a 
1
H spin-lock field of 45 kHz and 

31
P spin-lock of 55 kHz (ramped +/- 5 

kHz); 58 kHz Spinal64 
1
H decoupling

11
 was used. 

31
P chemical shifts were indirectly 

referenced to 85% H3PO4 (capillary). Solid adamantane was set to 40.48 ppm to 

determine the 
13

C frequency where DSS is zero ppm. This frequency was multiplied by 

1.60990015 to define the 
31

P zero ppm point, corresponding to 85% H3PO4 (capillary). 

For comparison, δ[85% H3PO4 (capillary)]= δ[85% H3PO4 (sphere)] + 0.36 ppm. 

3.2.3 Results and Conclusions 

While the published result were of the TS E(Ain),
4
 we have unpublished isotropic 

shift data for the protonation state of the 2-Aminophenol Quininoid intermediate, TS 

E(Q) 2AP, as well as the aminoacrylate intermediate, TS E(AA), which both suggest a 

dianionic state. Our aim was to determine whether these claims were indeed valid via the 

CSA method. Since we have a single 
31

P resonance in PLP, slow spinning is the easiest 

method to obtain the information.  
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Figure 3.2 Spectra are blue with the fittings from the Bruker onboard solid lineshape fitting program in red, 

spinning sidebands are indicated by an *. Top Left – 
31

P spectrum of the TS E(Ain) intermediated prepared 

without F9, the spectrum is a co-addition of 24,576 transients for a total experiment time of 21 h. Top Right 

– 
31

P spectrum of the TS E(AA) prepared without any F9, the spectrum is a co-addition of 8,192 transients 

for a total experimental time of 7 h. Bottom – 
31

P spectrum of the TS E(Q) 2AP intermediate prepared 

without F9, the spectrum is a co-addition of 24,576 transients for a total experimental time of 21 h. 

 



68 

 

   

 
Figure 3.3 Spectra are blue with the fittings from the Bruker onboard solid lineshape fitting program in red, 

spinning sidebands are indicated by an *. Top Left – 
31

P spectrum of the TS E(Ain) intermediated prepared 

with F9, the spectrum is a co-addition of 180,224 transients for a total experiment time of 153 h. Top Right 

– 
31

P spectrum of the TS E(AA) prepared with any F9, the spectrum is a co-addition of 90,112 transients 

for a total experimental time of 76 h. The isotropic peak corresponding to the 
31

P in PLP is indicated with 

an arrow. Bottom – 
31

P spectrum of the TS E(Q) 2AP intermediate prepared with F9, the spectrum is a co-

addition of 24,576 transients for a total experimental time of 21 h. The isotropic peak corresponding to the 
31

P in PLP is indicated with an arrow. 

 

While 
31

P is a fantastic nucleus to work with as it has a natural abundance of 100%, we 

are limited by the low relative concentration of PLP when bound to the active site of the 
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143 kDa TS enzyme when packed into the relatively small volume of a 4mm MAS rotor. 

The relative concentration was not calculated, but experimental time ranged from 7 to 

156 hours to obtain a signal of sufficient intensity.  

TS remains catalytically active in the microcrystalline form under which the 

experiments were conducted. As a result, the complete depletion of substrates added to 

produce a particular intermediate was possible and would result in a return to the TS 

E(Ain) state. We compensated for this by performing multiple experiments over small 

enough timespans to ensure that only the desired intermediate was present. The data from 

these separate experimental blocks were subsequently co-added upon completion of a 

suitable number of combined experiments to obtain sufficient signal intensity. 

Figure 3.2 shows the spectra and fittings obtained for the TS E(Ain), TS E(Q) 

2AP, and  TS E(AA) intermediates without F9, and Figure 3.3 shows these intermediates 

with F9. The upfield peak seen in two of the spectra in Figure 3.3 (top right and bottom) 

is from the dianionic phosphate group in F9. It is not observed in TS E(Ain) intermediate 

because the shifts coincidentally overlap.  Table 3.2 shows the CSA values obtained from 

fitting the peak attributed to the 
31

P in PLP. The fittings were performed using the solid 

lineshape analysis tool (sola) integrated into the Bruker Topspin 3.0 software. 

Table 3.2 CSA tensor values obtained from fitting in Topspin 3.0. 

Phosphorus Sample δ
iso

 Solid δZZ δYY δXX δ
aniso

 η 

TS E(Ain) without F9 4.36 67.3 -9.8 -44.4 62.9 0.55 

TS E(AA) without F9 5.49 60.6 -10.4 -33.7 55.1 0.42 

TS E(Q) 2AP without F9 5.38 56.5 -6.6 -33.8 51.1 0.53 

      
TS E(Ain) with F9 4.37 61.9 -10.8 -38.0 57.6 0.35 

TS E(AA) with F9 5.36 62.2 -16.7 -29.5 56.8 0.23 

TS E(Q) 2AP with F9 5.28 57.2 -6.7 -34.6 51.9 0.54 
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The δ
aniso

 values are again highlighted in gray and when compared to the model 

compounds, it shows the intermediates tested here are definitively in the dianionic state, 

confirming our previous assumptions regarding the other intermediate protonation states.  

3.2.4 TOSS-DeTOSS 

As the systems increase in complexity use of the slow spinning method is no 

longer viable as the greater number of peaks results in greater sideband overlap, 

especially as the size of the anisotropy grows. In order to obtain reliable CSA information 

from a sample a new approach is necessary and our group has effectively implemented 

the use of the TOSS-t1-DeTOSS (TDT) method first proposed by Kolbert and Griffin.
12

 

The method utilizes Total Supression of Spinning Sidebands (TOSS) that Dixon
13

 

developed, however after using four rotor synchronized π pulses to remove the sidebands, 

they are reintroduced by running the TOSS sequence in reverse. This yields a two 

dimensional spectrum with only the isotropic shifts in the f1 dimension and the complete 

spectrum in the f2 dimension.  

Implementation of the original pulse sequence on natural abundance glycine 

(Figure 3.4) did not provide satisfactory results (Figure 3.5 top); therefore, we sought to 

improve its application by making the following adjustments. The most notable of these 

improvements was the implementation of cogwheel phase cycling
14

 which significantly 

reduced the number of transients required to obtain an acceptable spectrum (Figure 3.5 

bottom). 
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Figure 3.4 TDT pulse sequence. Solid boxes represent 

�

�
 pulses and open boxes represent π pulses. The 

timings between the 4 pi pulse are very carefully timed as to make only the sidebands time dependent.  

 

A full cogwheel phase cycle could be implemented in 16 t2 transients as opposed to the 

~59,000 transients needed for a traditional nested phase cycle that scales as 3
N
, where N 

is the number of pulses. Incorporating cogwheel phase cycling also reduced the 

dependence that TDT had on π pulse imperfections and decreased its sensitivity to 

transmitter offset (Table 3.3). Kolbert claimed a difference of 200 ppm in the carrier 

frequency would produce significant perturbations to the CSA value, but these were not 

quantified or compared to CSA values obtained from simple MAS NMR. 

TDT experiments on glycine were performed at 9.4 T (400.37 MHz 
1
H, 100.68 

MHz 
13

C) on a Bruker AVANCE III spectrometer equipped with a 4 mm double 

resonance MAS probe with samples spinning at 2.5 kHz; cross-polarization was 

implemented using spin lock fields of 42 kHz on 
1
H and a ramp from 34 to 42 kHz on 

13
C 

with a 2 ms contact time; other RF powers were 83 kHz 
1
H (excitation and decoupling) 

and 50 kHz 
13

C (π and 
�

�
 pulses).  

 



72 

 

 

 
 
Figure 3.5 Top – TDT spectrum of Glycine before implementation of cog-wheel phase cycle. Total 

experimental time was 35 h. Bottom – TDT spectrum of Glycine after the implementation of cog-wheel 

phase cycling. Total experimental time was 7h. 
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Figure 3.6 One dimensional extraction of the carbonyl carbon in glycine from the TDT experiment shown 

at the bottom of Figure 3.5. Experimental spectrum is blue with the fit from Bruker’s sola program shown 

in Red. 

 

Upon acquisition of a suitable spectrum, a slice is extracted from the ω1 

dimension at one of the isotropic peak locations. This provides a pseudo-one dimensional 

spectrum (Figure 3.6) that contains what is most easily equated to a spectrum obtained 

from slow spinning. Our studies indicate that the dependence on transmitter offset 

frequency is relatively small for the size of the anisotropies obtained, and all values lie 

within the error surface obtained for the on-resonance experiment (Figure 3.7). The 

transmitter offset dependence study was performed using both a one dimensional version 

of TDT as well as the two dimensional version. 
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Table 3.3 Comparison of transmitter offset to obtained δ
aniso

 and η values obtained while using 

predominantly a one dimensional version of TDT for the carbonyl carbon in glycine. The transmitter 

frequency nearest to the isotropic shift is highlighted in grey. 

Transmitter Offset (ppm) δ
aniso

 (ppm) η 

300 -70.9 0.90 

300
a
 -69.6 0.92 

280 -70.7 0.91 

260 -70.3 0.92 

240 -70.5 0.91 

220 -71.2 0.89 

200 -71.0 0.89 

180 -70.9 0.89 

175
b
 -71.3 0.91 

175
a
 -70.5 0.90 

160 -70.7 0.90 

 140 -70.3 0.91 

120 -69.7 0.92 

100 -69.4 0.93 

80 -70.0 0.93 

60 -70.3 0.93 

60
a
 -72.1 0.90 

40 -71.2 0.90 

20 -69.6 0.90 

0 -69.6 0.89 

   a
 Values obtained from the two dimensional version of TDT. 

  
b
 Value obtained from slow spinning MAS SSNMR. 

 

The experimental time for the two dimensional experiment restricted us to fewer 

sample points but was still intended to cover the typical distances from the carrier 

frequency experienced within an experiment. The lack of sensitivity to the transmitter 

offset we observe allows for a decrease in experimental time even for more complex 

structures as we can expect the tensor values obtained to be within reasonable uncertainty 

limits over the typical span of the carbon spectral width. This is significant because 

multiple carbon tensor values can be measured in a single experiment. 
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Figure 3.7 Plot of the η vs. δ

aniso
 error surface for the carbonyl carbon in glycine using values obtained 

from slow spinning MAS NMR and fit using Malcolm Levitt’s Spin Dynamica Mathmatica notebook. The 

X’s on the plot are the values in Table 3.3. The contour lines from inner to outer most correspond to 68% 

confidence for a single parameter, 68% confidence for the joint parameters, and 95% confidence for the 

joint parameters.  

   

Glycine was an excellent model compound to begin these studies with, as it 

allowed us to compare the values obtained directly to a slow spinning spectrum. To 

demonstrate the power and capability of the technique before applying it to novel systems 

that are the subject of Chapter 4, it was necessary to expand the size of the model 

compound studied. We selected sucrose as it is a more complex system which includes 

12 unique non-overlapping isotropic shifts, is readily available, and most importantly had 
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been very well studied by two groups, Grant
15,16

 and Titman,
17

 giving a very good set of 

tensor values to compare our experiments with. 

Grant et al. used a type of single crystal NMR where after the initial excitation 

pulse and cross polarization, they would position the crystal in 6 unique orientations that 

allows for the direct observation of the diagonal values of the symmetric CSA tensor for 

an arbitrary orientation. The information obtained also allowed for direct calculation of 

the off-diagonal elements. While the method was exceptional for its time, its primary 

draw-back was the requirement for custom built hardware, and thus the push was for 

developments to elucidate tensor values with commercially available hardware. Titman 

uses commercially available hardware and a CSA amplification pulse sequence
18

 

developed by his group. Later in this chapter I will discuss CSA amplification in relation 

to the pulse sequence we use.
19

  

The main limitation of the TDT method when measuring spectral data for sucrose 

are the number of t1 points necessary to achieve suitable resolution for extraction of  

reliable tensor elements. Fortunately, measurement of the maximum peak intensities is 

sufficient to obtain the tensor elements as opposed to integrated peak intensity which 

would require even greater resolution. Another method available to the spectroscopist to 

minimize the amount of experimental time is to fold downfield peaks back into the 

spectrum. Folding happens when the spectral width defined in the f1 dimension is not 

large enough to contain all of the peaks; the resonances that would appear outside the 

spectral width are mirrored across the boundary appearing at a resonance related to the 

distance past the defined spectral width they would have occured.  
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Figure 3.8 TDT of sucrose recrystallized from H2O.  

 

We utilize folding when acquiring a TDT spectrum for sucrose, and as seen in 

Figure 3.8 there are two peaks that appear in the ω1 dimension significantly upfield from 

where their manifold of spinning sidebands appear in the ω2 dimension. This does not 

affect the information acquired, but significantly improves the resolution obtained in a set 

time period. Furthermore an extraction and fitting of the down field peak still returns the 

correct isotropic value as it is only the ω1 dimension affected while the fit is of 

information acquired during t2. 

The TDT experiment on sucrose was performed at 14.1 T (600.01 MHz 
1
H, 

150.87 MHz 
13

C) on a Bruker AV600 spectrometer equipped with a 4 mm double 

resonance MAS probe with the sample spinning at 1.1 kHz; cross-polarization was 

implemented using spin lock fields of 40 kHz on 
1
H and 38 kHz on 

13
C with a 2 ms 
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contact time; other RF powers were 83 kHz 
1
H (excitation and decoupling) and 50 kHz 

13
C (π and 

�

�
 pulses). Sucrose was obtained from EMD and recrystallized from a saturated 

solution of H2O. 

Table 3.4 Comparison of experimental parameters from TDT 1.1 kHz to Grant’s data (left) and Titman’s 

data (right). All values are in ppm except for η which is unit less. Anisotropies from the three datasets are 

highlighted in gray.  

 

Carbon δ
iso

 δ
aniso

 η 
 
δ

iso
 TDT δ

aniso
 TDT η TDT δ

iso
 δ

aniso
 η 

C6 60 -32.4 0.59 59.6 -29.4 0.55 60.1 -28.8 0.57 

C'6 61 -31.5 0.46 60.9 -30.0 0.57 61.4 -27.5 0.48 

C'1 66 -28.5 0.45 65.7 -27.1 0.56 66.2 -24.2 0.60 

C4 67.9 -27.2 0.33 67.7 -26.7 0.28 68.2 -24.5 0.35 

C'4 71.8 31.5 0.62 71.5 28.4 0.81 72 25.8 0.77 

C3 72.8 -19.3 0.96 72.6 -20.0 0.97 73 -19 0.93 

C5 73.6 -29.4 0.37 73.5
a 

  
74

a 
-22 0.76 

C2 73.7 -20.5 0.96 73.5
a 

  
74

a 
-22 0.76 

C'5 81.8 -33.6 0.40 81.5 -33.7 0.28 82 -28.3 0.42 

C'3 82.9 20.8 0.43 82.7 18.7 0.40 83.1 17.8 0.66 

C1 93.3 29.8 0.67 93.0 25.1 0.78 93.6 23.7 0.81 

C'2 102.4 17.9 0.44 102.3 17.7 0.53 102.7 15.7 0.83 
a
 Peaks were unresolvable with the method used. 

 

The individual spectra were obtained by taking slices from the two dimensional 

TDT spectrum. They were then exported into mathmatica where the peak intensities were 

obtained and transfer to the spin dynamica notebook provided by Malcolm Levitt where 

the δ
aniso

 and η are calculated. Table 3.4 summarizes this data and also compares it to the 

data obtained by Grant and Titman. Experimental errors for CSA measurements are 

mostly commonly 2-3 ppm
18

 (also seen in Figure 3.7), but may be as high as 10 ppm
20

 

depending on the number of spinning sidebands
21

 as well as the relative sensitivity. While 

two of the carbons are not resolved with TDT and Titman’s experimental procedures 
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there are still ten data points for comparison and given the variability in experimental 

values all three data sets agree very well (Figure 3.9).   

 
Figure 3.9 A graphical comparison between experimental TDT values and the literature values obtained 

from both Grant (Blue) and Titman (Red). Our values were plotted as the X component while the literature 

value was plotted as Y. Perfect agreement between the two would relegate the points to the diagonal line 

shown. Error bars are shown with a magnitude of 2.5 ppm. 

 

There are few exceptions where the CSA measurement lies outside of the standard 

experimental error of ~2.5 ppm; however nothing is more than 2 standard deviations 
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away, which is still considered normal. We now have a method to extract CSA 

parameters from complex systems where slow spinning would produce a spectrum with 

multiple overlapping lines.  

3.2.5 xCSA 

The most glaring problem still, which was brought up in Chapter 1, is where the 

CSA has to be at least 2.5 times greater than the spinning frequency to obtain an optimal 

value. Therefore, for these experimental methods the CSA can be no smaller than 2.75 

kHz, making it advantageous to run these types of experiments at higher magnetic fields 

as the CSA scales directly with magnetic field strength. However, even running at the 

highest field readily available to us, 14.1 T (600 MHz on 
1
H, 150 MHz on 

13
C), we are 

limited to CSA values no less than 18 ppm when rotating at 1.1 kHz, which is the slowest 

spinning stably achievable on our 4mm double resonance MAS probe. The consistency at 

which we are able to achieve this low rotational rate is exceedingly small, since very 

minor changes in the quality of the packed sample can profoundly affect its rotational 

stability. It is more common to rotate the sample at 2 kHz limiting us to interactions no 

smaller than 5 kHz (33 ppm at 14.1 T or 50 ppm at 9.4 T). In light of this limitation we 

began using a CSA amplification method (xCSA) developed by the National High 

Magnetic Field Laboratory in Florida.
19

      

Using this xCSA pulse sequence addressed many of the limitations that 

previously developed methods had run into which included inhomogenous amplification 

of the isotropic shift
22

 and the need to explicitly solve for the timings of the π pulses.
23-25

 

Furthermore since the pulse sequence is a constant time experiment, running over 4 
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complete rotor periods, the homonuclear dipole-dipole interactions integrate to zero, 

allowing the experiment to be run on both nuclei that have a high natural abundance and 

fully labeled materials without introducing any additional line broadening.  The ability to 

side-step these problems comes from using magic angle turning (MAT) conditions as 

opposed to the traditional phase-adjust sideband separation (PASS)
13

 methods that many 

other xCSA methods rely on.  

    
Figure 3.10 xCSA pulse sequence. 

1
H has a 

�

�
 excitation pulse, whereas all 

13
C are π pulses. The pulses 

contained in the dashed lines move during the experiment to encode CSA information into f1. 

 

The xCSA pulse sequence (Figure 3.10) was used largely without modification, already 

utilizing cog-wheel phase cycling to eliminate artifacts arising from π pulse 

imperfections. Also note that the π pulses within the bracketed region for 
13

C represent 

the basic unit of the experiment, and this unit can be used to increase the amount of 

amplification desired. The sequence displayed in Figure 3.10 has the smallest 

amplification factor (κ) resulting in an increase in the CSA by a factor of 6, or conversely 

a decrease in the rotation frequency by a factor of 6. By adding an additional basic unit 

just after CP as well as just after the last pulse in the predefined basic unit the κ-factor 

can be increase to 12 and increasing the number of basic units leads to an amplification 
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factor that can be defined as κ=6(n+1), where n is the number of additional basic units 

inserted divided by two.   

 

 
Figure 3.11 Example of the lack of resolution provided by xCSA when only a single rotor period of data is 

Fourier transformed. 

 
Figure 3.12 Example of Fourier transformed spectrum obtained after changing the acquisition method for 

xCSA to have 4 replicates. 
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The only change that was made was an aesthetic change to the acquired spectrum. 

The t1 period extends for a complete rotor period and while all the CSA information is 

properly encoded, the spectrum obtained has no resolution (Figure 3.11) of the spinning 

sideband manifold. Without this resolution it is hard to estimate the noise floor as well as 

spot any potential artifacts arising from an imperfect acquisition.  

 
Figure 3.13 Two dimensional spectrum obtained from the xCSA pulse sequence with 2 replicates. The 

isotropic peaks are in ω2 where the amplified CSA pattern is projected in the ω1 domain. The isotropic 

peak in the ω1 domain is always centered at 0, thus the isotropic shift can only be determined from ω2. 

 

As it is a constant time experiment one method around this would be to simply replicate 

the experimental data obtained from one rotor period and generate a spectrum from that. 

Through that method we would possibly be replicating any imperfections of artifacts 

present during the experiment. The method we chose to use instead was to set the timings 
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so that as the data from a single rotor period was acquired the delay for t1 would reset to 

zero, essentially re-acquiring a replicate set of data, but as a unique experiment. The 

Fourier transform of this data (Figure 3.12) provided resolution of the peaks and 

resolution of the baseline.  

Since we have already established the quality of data obtained from sucrose with 

the TDT pulse sequence, a good place to start to validate the efficacy of this method 

would be to reproduce those same tensor values with xCSA. The two dimensional 

spectrum obtained from xCSA (Figure 3.13) has a very different look than that of a two 

dimensional spectrum from TDT. The ω2 dimension contains a spectrum that would 

resemble that of one with no perturbation, much like that of the TDT, however instead of 

having the isotropic shifts in the ω1 dimension, the manifold of spinning sidebands occur 

here with all the isotropic peaks centered at zero. Thus instead of extracting slices from 

the ω1 dimension to perform our fits, the slices are taken from the ω2 dimension. If the 

rotation frequency is high enough that no spinning sidebands are generated in the ω2 

dimension than a slice only needs to be taken through the isotropic peaks, however if 

there are any sidebands that occur in the ω2 dimension it is imperative that slices be 

extracted along those peaks as well and added to the intensities from the isotropic peak. 

Additionally we found non-trivial relations between the incremental t1 timings and the 

acquisition time, and as the experiment relies on constant time any zero filling in the t1 

dimension will produce phase errors in the transformed spectrum.    

We performed experiments at two different spinning frequencies, 6.25 kHz and 

2.604 kHz and an amplification factor of κ=6 (Table 3.5). With that amplification factor 
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the 6.25 kHz rotational frequency should almost exactly replicate the frequency used in 

the TDT experiments on sucrose. Furthermore, we experimented at the 2.604 kHz speed 

on how changing the number of t1 points, or more specifically the number of replicate 

data sets would affect the CSA values. This change compared the difference between 2 

and 4 replicates used to construct the ω1 dimension. 

Table 3.5 Summary of the experimental values obtained from TDT and xCSA at 6.25 kHz and 2.604 kHz. 

δ
aniso

 values are highlighted in gray. 

Carbon δ
iso 

 
a 
δ

aniso 
 

a 
η 

b 
δ

aniso 
 

b 
η 

c 
δ

aniso 
 

c 
η 

d 
δ

aniso 
 

d 
η 

C6 59.6 -29.4 0.55 -31.4 0.65 -31.0 0.38 -30.1 0.6 

C'6 60.9 -30.0 0.57 -30.4 0.43 -28.0 0.49 -29.6 0.489 

C'1 65.7 -27.1 0.561 -28.3 0.58 -28.2 0.45 -26.6 0.584 

C4 67.7 -26.7 0.283 -25.6 0.19 -26.5 0.33 -25.5 0.409 

C'4 71.5 28.4 0.812 30.0 0.70 25.6 0.75 26.4 0.779 

C3 72.6 -20.0 0.972 -21.1 0.97 -18.3 0.95 -19.6 0.982 

C5 73.5 

C2 73.5 

C'5 81.5 -33.7 0.284 -33.3 0.36 -33.5 0.26 -32.8 0.341 

C'3 82.7 18.7 0.399 20.8 0.47 19.8 0.41 19.9 0.458 

C1 93.0 25.1 0.784 26.5 0.64 25.3 0.72 26.0 0.743 

C'2 102.3 17.7 0.528 17.8 0.62 16.7 0.55 17.1 0.549 

        
a
 Values from TDT at 1.1 kHz 

          
b
 Values from xCSA at 6.25 kHz 

          
c
 Values from xCSA at 2.604 kHz with 2 replicate experiments 

          
d
 Values from xCSA at 2.604 kHz with 4 replicate experiments 

 

As seen in Table 3.5 all of the values obtained for δ
aniso

 agree within experimental 

error, giving us two robust methods to elucidate both small and large anisotropies. As the 

systems we examine increase in size and complexity the ability to obtain these values is 

imperative when comparing to simulated structures, as the more values we obtain, 

directly increases the quality of the resulting calculated structure. In light of this, we took 

on an even larger model compound that would have to be paired with computational 

parameters to test these methods. 
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3.2.6 Multiple Method Approach – Vitamin D3 

This compound was cholecalciferol (Figure 3.14), more commonly known as 

Vitamin D3. Through previous studies in our group,
26

 there are 54 unique 
13

C resonance 

for the compound arising from two unique conformations (α and β, Figure 3.15) of the 27 

carbon molecule in the unit cell.  

 
Figure 3.14 Chemical structure of cholecalciferol. 

 

The previous study was able to refine the dynamic region in the crystal structure
27

 by 

comparing the isotropic shifts to ab initio calculations. The intent the current study is to 

continue refinement of the crystal structure through chemical shift tensor elements.
28

 Due 

to the span of anisotropies present at the individual atomic sites in the system both TOSS 

and xCSA are necessary to obtain reliable values.  The previous study used a two 

dimensional pulse sequence called uniform-sign cross-peak double-quantum-filtered 

correlation spectroscopy (UC2QF COSY) to assign all 54 carbons, however as we are 

limited to only the resonances that are resolvable in a single dimension for both TDT and 
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xCSA, giving 35 unique carbons whose CSA tensor elements can be obtained through 

these methods. 

 
Figure 3.15 Depiction of the α (top) and β (bottom) conformers and their relation to each other in the 

vitamin D3 unit cell. 

 

3.2.7 Experimental 

The TDT spectra for Vitamin D3 were obtained at both 9.4 (Figure 3.16) and 14.1 T 

(400.37 and 600.01 MHz 
1
H, 100.67 and 150.87 MHz 

13
C), using the pulse parameters 

described above. TDT Spectra were acquired on either a Bruker Avance III (9.4 T) or 

Bruker AV600 (14.1 T) spectrometer using a double resonance 4mm probe spinning at 2 

(9.4 T) or 1.5 kHz (14.1 T). Experimental time was 18 h at 9.4 T and 14 h at 14.1 T due 

to a difference in d1 of 1 s. xCSA spectra were acquired at 9.4 T (400.37 MHz 
1
H, 100.67 

MHz 
13

C) using a Bruker Avance III spectrometer equipped with a triple resonance 4mm 
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probe spinning at 3 different rotational frequencies of 6.25, 3.125, and 2.841 kHz (Figure 

3.17) and an amplification factor of κ=6, giving effective rotational frequencies of 1041, 

520, and 473 Hz. Cross-polarization was implemented using a spin lock field of 41 kHz 

on 
13

C and the 
1
H nutation rate ramped from 31–42 kHz with a 2 ms contact time; other 

RF powers were 83 kHz 
1
H (excitation and decoupling) and 50 kHz 

13
C (π and 

π

�
 pulses). 

The xCSA experiment was modified for extended detection in the indirect dimension as 

described above. Tensor principal axis components were determined by a fit of the 

sideband intensities using Herzfeld-Berger analysis
29

, implemented within Topspin 3.0, 

with all the TDT data being fit and the xCSA data being fit for δ
aniso

 values less than 30 

ppm.    

 

3.2.8 Results and Conclusions 

Table 3.6 summarizes the values that were able to be obtained by fitting both the 

TDT and xCSA sideband manifolds. The multiple rotation frequencies were utilized as to 

not only increase the number of spinning sidebands present in the ω1 dimension, but also 

to test if the inclusion of the spinning sidebands present in the ω2 dimension was 

necessary. For most of the CSA values obtained the intensity found in the spinning 

sidebands in the ω2 dimension was so small that inclusion made very little difference on 

the end result. 
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Figure 3.16 TDT spectrum of vitamin D3 at 9.4 T. 

 

Also the rotational frequencies were varied to make sure isotropic peaks did not have 

spinning sidebands underneath them giving them artificial intensity thus altering the CSA 

value. Finally, this variation in rotational frequency was also used to test the quality of 

the fit provided by the Topspin 3.0 program giving a varying number of spinning 

sidebands. 
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Figure 3.17 xCSA spectrum of Vitamin D3 at a rotational frequency of 2.814 kHz and amplification factor 

of κ=6 giving an effective spinning speed of 473 Hz in the ω1 dimension. 

 

While the data is cumbersome to be included here, as the number of sidebands increased 

by lowering the rotation rate, there was no significant change in any of the CSA values 

obtained. The most significant change observed was a dramatic shift in the η value 

obtained for carbon 25’ in the β subunit of the cell. This is likely attributable to the small 
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(-4.95 ppm) CSA value where a much slower rotational frequency (437 Hz) would be 

required to obtain a more accurate fit for this particular carbon.  

The ab initio calculations that are compared directly to the experimentally 

obtained data aid in the refinement of the crystal structure. Looking at the isotropic shift, 

the models generated compare exceedingly well to the experimentally obtained values 

(provided in Table 3.6), however there are two carbons on each of the sub units that 

appear on the outer limits of what would be considered a good fit for this model system. 

Carbons 8 and 8’ are both part of a ring system and have a double bond leading from the 

ring to other parts of the molecule attached to them. In both cases the ab initio 

calculations overestimate the experimentally observed shift, potentially localizing too 

much electron density at the specific site. This error will need to be further explored as a 

potential limitation of the code. The only other carbon that has poor agreement is carbon 

number 25 which is part of the dynamic region of the vitamin D3. While all the other 

carbons in this area are addressed quite well dynamic regions can be tricky as very small 

orientation shifts can lead to a large discrepancy in calculated and observed shifts. A 

small conformational change to the ab initio calculations may be necessary to better 

describe this region.  

Moving to the δ
aniso

 values, there are several elements that display a sign inversion 

between the experimentally obtained values and those from the ab initio calculations. 

Exceedingly small variations in the calculated tensor elements may result in a miss-

assignment of the tensor values potentially leading to these sign flips. 
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Table 3.6 Summary of all values obtained from both TDT and xCSA compared to ab initio calculations. All 

values under 30 ppm were obtained via xCSA. Large relative errors for both isotropic shift and anisotropy 

are highlighted in gray.  

α 

Carbon CS Exp CS Calc 

 δ
aniso 

Exp 

 δ
aniso 

Calc 

 β 

Carbon CS Exp CS Calc 

 δ
aniso 

Exp 

 δ
aniso 

Calc 

1 33.7 36.0 

  

1' 31.6 32.8 

  2 38.9 39.5 

  

2' 35.3 34.7 -7.8 -9.8 

3 70.2 69.9 -32.9 -33.3 3' 66.8 66.9 -31.1 -32.2 

4 44.6 44.8 -15.9 -15.6 4' 44.0 43.9 -9.9 -12.3 

5 137.6 138.1 -99.4 -99.4 5' 135.6 135.4 -100.5 -102.7 

6 119.7 122.7 89.9 91.2 6' 121.6 125.3 91.7 95.5 

7 120.3 120.6 89.0 -92.9 7' 117.1 118.0 96.1 -97.5 

8 139.2 143.6 -111.4 -113.1 8' 140.1 145.5 -112.1 -113.9 

9 28.5 29.2 

  

9' 31.7 34.3 

  10 145.8 148.5 107.6 -120.7 10' 147.6 149.8 -115.6 -119.6 

11 24.6 27.7 10.4 12.6 11' 25.1 26.2 7.6 15.0 

12 41.3 40.3 

  

12' 41.9 41.2 17.7 -16.1 

13 45.6 47.3 16.3 19.2 13' 46.6 46.4 18.9 19.6 

14 57.0 56.7 -17.6 19.0 14' 57.4 57.8 -16.2 20.2 

15 23.9 24.1 

  

15' 23.3 25.0 

  16 29.0 29.6 27.7 27.4 16' 28.5 29.7 

  17 58.2 58.7 -25.0 -23.5 17' 53.8 53.1 19.0 -22.1 

18 13.2 15.0 -14.1 13.0 18' 12.1 13.5 -11.9 12.9 

19 111.6 115.5 88.0 94.9 19' 111.8 115.4 82.2 96.0 

20 38.8 39.3 

  

20' 35.7 36.7 -10.4 -14.2 

21 19.1 17.6 

  

21' 19.9 22.1 -13.8 19.2 

22 37.5 38.3 -19.6 -26.5 22' 33.8 33.7 

  23 26.0 25.7 

  

23' 19.1 19.0 

  24 40.1 40.2 11.3 -26.4 24' 41.1 41.3 

  25 26.0 31.0 

  

25' 26.6 26.1 -4.5 -11.7 

26 23.1 21.9 

  

26' 23.8 26.0 

  27 22.9 25.0     27' 21.7 21.9 -9.6 -13.5 

 

Thus not much emphasis will be placed on simple sign flips as the method that will be 

undertaken to solve this is a direct comparison of the individual tensor components rather 

than the δ
ansio

 value compared here. We will instead focus our attention on the several 

values that vary significantly when considering only the absolute differences from 

experimental values. Many of these errors are confined to the dynamic chain region that 
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hangs off of the molecule. As stated previously the CSA measurements are exceedingly 

sensitive to local electronic environment and a small error in atom placement could 

produce the large variations observed. This means further refinement of the dynamic 

region is needed, even though the isotropic shifts align very well. The other large errors 

present are located at carbons that are attached to the ring structures through a double 

bond (carbon 19, Figure 3.14). The source of these errors is at this time unknown and 

may be an error in the connectivity and placement of the atom, or an error as to the 

relative weightings of the electron density. A more rigorous investigation into the 

correlation of these double bonded systems is necessary as well as an exploration into the 

validation of the code with systems similar to this.      

 

3.3 Conclusions 

 In the three methods presented within the chapter the method with the largest 

possibility of growth is the xCSA pulse sequence. We have currently only used it to 

obtain 
13

C data, however being that it’s a constant time experiment it is the only one 

where homonuclear dipolar interactions integrate to zero, allowing it to be applied to 

abundant nuclei such as 
1
H.   

We began the process of applying the xCSA pules sequence to 
1
H and thus far the 

results have been promising, but some real challenges lie ahead in the development. The 

most prevalent problem is in the timing of the pulses. The π pulses have a spacing of 

either 
�

�
 or 

�

�
 of a rotor period. As we increase the rotational frequency for 

1
H to decouple 

the strong dipolar coupling present the spacing between the pulses become problematic as 
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it can be as short as 5 μs. From our experiments we have seen rolling baseline effects that 

could possibly be attributed to this spacing as with delays these short finite pulse effects 

start becoming an important factor to the overall outcome of the experiment and 

modeling these effects is in the works.     

In this chapter various methods used to obtain CSA tensor elements have been 

highlighted. The method of approach varies highly from system to system and as seen in 

the PLP example may be very straightforward, and on the other end of the spectrum 

vitamin D3 requires two complex pulse sequences to obtain less than 70% of the CSA 

tensors contained within the molecule. Throughout the chapter this increase in detailed 

information of the local electronic environment has allowed for the refinement of crystal 

structures as well as definitive knowledge of local protonation states. As the size and 

complexity of the systems studies continues to increase the CSA tensor elements will 

continue to be important parameters in the interpretation of complex structural problems; 

one of which will be highlighted in the next chapter, where both isotropic chemical shifts 

and CSA tensor elements are utilized in the elucidation of the molecular structure and 

expansion mechanism of 9-tertbutylantracene ester.    
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Chapter 4 

Application of NMR Crystallography to 9TBAE Dimer Structure and Photomechanical 

Expansion Mechanism 

4.1 9TBAE Structure  

4.1.1 Introduction 

   The ability to generate large mechanical displacements using light makes 

photomechanical materials a promising way to construct light-controlled actuators and 

devices.  These materials take advantage of photochemical reactions to convert photon 

energy directly into mechanical work.  In order to generate useful amounts of motion and 

force, ordered assemblies of photoreactive subunits must be utilized.1  For example, the 

cis-trans photoisomerization of azobenzene molecules embedded in liquid crystal 

polymers can drive dramatic light-induced bending and curling.2,3  Molecular crystals 

have also attracted recent attention as dynamic entities,4,5 and crystals composed of 

photoreactive molecules have been shown to undergo photoinduced shape changes, like 

bending, coiling, twisting, and jumping.6-18   

 In most cases, these dramatic shape changes rely on the formation of a bimorph 

structure, where interfacial stress between spatially distinct regions of reactant and 

photoproduct drives the deformation.19-22  The bimorph mechanism for photomechanical 

response requires generating an asymmetric spatial mixture of reactant and product 

molecules within the crystal.  If the photoreaction proceeds to completion, the bimorph 

structure is lost and usually the deformation disappears.  But if the photoproduct crystal 

has different dimensions from the reactant crystal, there can still be a net overall motion 
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as the crystal assumes its new shape. This would be analogous to a photoinduced 

Martensitic phase transition, similar to what is observed in metallic shape-memory 

alloys.23  Utilizing this type of shape change simplifies the irradiation requirements, 

requiring only that the light exposure be of sufficient duration to react the entire crystal.   

 One challenge is that photochemically induced crystal-to-crystal phase transitions 

invariably produce internal strain that can lead to fracture.24  The use of micro- or 

nanocrystals can enable single-crystal-to-single-crystal transformations to proceed even 

in cases where larger crystals shatter.25-27 The photodimerization of 9-tertbutyl-

anthracene ester (9TBAE), illustrated in Figure 4.1, is a good example of such a reaction.  

In 2006, we demonstrated that nanorods composed of 9TBAE could expand by up to 

15% upon irradiation,26 while larger crystals shattered under illumination. Subsequent 

experiments on 9TBAE and related esters showed that the photodimer product crystal 

was a metastable intermediate, denoted the “solid-state reacted dimer” (SSRD).  

 

Figure 4.1 The photodimerization reaction of 9-tertbutyl anthracene ester.  Select carbon and oxygen 
numbering is shown.  Hydrogen atoms are numbered based on their attached carbon. 
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The SSRD has a different packing from the equilibrium dimer crystal obtained from 

solution growth (the “solution grown dimer” or SGD).28  Over a period of months, the 

SSRD was found to transform into the SGD. In situ X-ray diffraction measurements can 

provide valuable information about molecular motions in photomechanical molecular 

crystals,11,20,29,30 but it proved impossible to obtain a single-crystal X-ray structure for the 

SSRD. This prevented us from connecting molecular-level rearrangements to larger scale 

changes in crystal shape and determining the mechanism of 9TBAE’s large 

photomechanical response. 

Solid-state nuclear magnetic resonance (SSNMR) has proved to be a useful tool 

for analyzing both the kinetics and structural changes that occur during solid-state 

photochemcial reactions.10,16,22,31,32  In the present paper, we make use of SSNMR in 

combination with powder X-ray diffraction (PXRD), and computational modeling – an 

approach often referred to as NMR crystallography33-44 – to determine the crystal 

structure of the SSRD intermediate.  We find that the SSRD crystal unit cell and volume 

are quite similar to those of the monomer crystal.  The SSRD structure is consistent with 

the principle of least motion during the photochemical reaction but does not provide an 

obvious explanation for the large expansions observed for the crystalline nanorods.  In 

fact, when the nanorod crystal orientations determined in ref. 28 are assumed, our results 

actually predict a 2% contraction in rod length, the opposite of what is seen 

experimentally.  The results of this paper show that our previous assumptions, especially 

with regard to crystal orientation within the nanorods, need to be reconsidered.   
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4.1.2 Experimental Methods 

Synthesis and sample preparation 

9TBAE was synthesized by the method of Parish and Stock.28,45  Bulk samples of 

the solid-state reacted dimer (SSRD) were obtained through photodimerization of 

9TBAE crystalline powders under argon using an ultraviolet (UV) bench lamp (365nm, 

15 W). 

Powder X-ray Diffraction (PXRD) 

Powder X-ray diffraction (PXRD) data were collected on a Bruker D8 Advance 

X-ray powder diffractometer (CuK radiation, l = 1.5418 Å, 40KV/40mA power) at 296 

K.  

Solid State Nuclear Magnetic Resonance (SSMMR) 

Two-dimensional SSNMR 1H,13C hetoronuclear correlation (HETCOR) spectra 

were acquired at 14.1 T (600.01 MHz 1H, 150.87 MHz 13C) on a Bruker AV600 

spectrometer equipped with a triple resonance 1.3 mm magic angle spinning (MAS) 

probe with samples spinning at 50 kHz (±2 Hz). No multi-pulse, homonuclear 1H 

decoupling was applied during t1.
46

    Approximately 2 mg of microcrystalline sample (at 

natural abundance 13C isotopomer concentration) were packed into each rotor. Cross 

polarization (CP) was established using a 2 ms contact time with a nutation frequency of 

125 kHz for 1H and 75 kHz for 13C; high power 1H decoupling during 13C acquisition was 

implemented using XiX (125 kHz, 2.85 τr).
47 Chemical shifts were indirectly referenced 
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to neat TMS (MAS) using an external sample of adamantane in which the 1H resonance 

was set to 1.87 ppm and the downfield 13C peak  to 38.48 ppm.48 

To determine chemical shift anisotropy (CSA) tensors, two-dimensional isotropic-

anisotropic chemical shift correlation spectra were acquired using the TOSS-t1-deTOSS 

approach of Kolbert and Griffin49 (for anisotropies greater than 2-3 times the MAS rate) 

and the extended CSA amplification (xCSA) method of Hung and Gan50 (for anisotropies 

comparable to or smaller than the MAS rate).  The TOSS-t1-deTOSS method was 

modified in the following manner (Figure S1):  (1) cogwheel phase cycling51 was 

implemented for the 8 π pulses comprising the TOSS and deTOSS periods;  (2) a Z-filter 

was applied at the end of the deTOSS period to combine the ±1 magnetization coherence 

pathways from the t1 evolution period and allow for pure phase detection. These 

experiments were performed at 14.1 T (600.01 MHz 1H, 150.87 MHz 13C) on a Bruker 

AV600 spectrometer equipped with a 4 mm double resonance MAS probe with samples 

spinning at 2 kHz; cross-polarization was implemented using spin lock fields of 40 kHz 

on 1H and 38 kHz on 13C with a 2 ms contact time; other RF powers were 83 kHz 1H 

(excitation and decoupling) and 50 kHz 13C (π and π/2 pulses).  xCSA experiments were 

performed at 9.4 T (400.37 MHz 1H, 100.68 MHz 13C) on a Bruker AVANCE III 

spectrometer equipped with a 4 mm double resonance MAS probe with samples spinning 

at 2.404 kHz; cross-polarization was implemented using a spin lock field of 41 kHz on 

13C and a ramped field of 31–42 kHz on 1H, with a 2 ms contact time; other RF powers 

were 83 kHz 1H (excitation and decoupling) and 50 kHz 13C (π and π/2 pulses). The 

xCSA experiment was modified for extended detection in the indirect dimension as 



102 
 

described in the supporting information (Figure S3).  Tensor principal axis components 

were determined by a fit of the sideband intensities using Herzfeld-Berger analysis,52 

implemented within Bruker BioSpin's Topspin 3.0 processing software. 

Computational Analysis 

The workflow for the structural refinement follows the general schemes outlined 

by previous workers in the field.37-39,43  Powder X-ray analysis was performed within the 

Acelerys Materials Studio modeling and simulation environment, solid-state DFT 

geometry optimizations were performed using Quantum Espresso,53 and DFT 

calculations of NMR chemical shieldings were performed using a fragment-based 

approach54 and Gaussian09
55. 

1. Structure Prediction from PXRD 

The PXRD pattern of the SSRD (with 2θ angles ranging from 5° to 40°) was 

indexed and candidate unit cells generated using the Reflex X-Cell program.56  

Subsequent Pawley refinement set the lower limit on the weighted profile R-factor (Rwp) 

for each candidate unit cell.57 The packing and relative orientations of SSRD molecules 

within the unit cells were optimized using the Reflex Powder Solve program:58,59 SSRD 

molecules were first geometry optimized in the gas phase before insertion into the unit 

cell and molecular translational, rotational, and torsional (C12-C13-C15-O2 and C15-O1-

C16-C17; Figure 4.1) degrees of freedom scanned until crystal structures converged to 

the experimental PXRD pattern. 
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2. Structure Refinement Using PXRD 

Rietveld refinement60 was used to generate a weighted profile R-factor (Rwp) for 

each of the final candidate crystal structures, indicating both the quality of the agreement 

with experiment and the overall noise level of the PXRD pattern.61  Once the initial best-

fit candidate(s) were identified, all space groups within its crystal system(s) were 

subsequently explored using the same work flow.  

3. Solid-State DFT Geometry Optimization 

After the final round of Powder Solve and Rietveld refinement, solid-state 

geometry optimizations of the best candidate structures were performed using the freely 

available Quantum Espresso (QE) software package.53 All geometry optimizations were 

performed using the PBE41 density functional and the D2 dispersion correction,62 

ultrasoft pseudopotentials with a plane wave cut off of 80 Ry, and a 3x3x3 Monkhorst-

Pack k-point grid.  We used the pseudopotentials H.pbe-rrkjus.UPF, C.pbe-rrkjus.UPF, 

and O.pbe-rrkjus.UPF from http://www.quantum-espresso.org.  All-atom optimizations 

were performed with cell dimensions fixed at those from the PXRD analysis. 

4. First Principles Chemical Shift Prediction 

1H and 13C chemical shieldings were calculated for each of the solid-state DFT 

refined structures using a fragment-based approach. In contrast to plane wave 

approaches, fragment-based methods readily allow for improved accuracy in NMR 

calculations through the use of hybrid density functionals.54,63-66 Fragmentation was 

carried out using our (Beran) hybrid many-body interaction code.67  The 1H and 13C 

chemical shieldings for crystalline 9TBAE were computed as the sum of shieldings for an 
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isolated, individual molecule in the asymmetric unit plus pair-wise contributions to those 

shieldings involving all other molecules lying within a 6 Å radius.  Individual fragment 

shielding tensor calculations (for the isolated asymmetric unit and pairs) were performed 

using Gaussian09 at the PBE0/6-311+G(2d,p) level and the mixed basis scheme 

previously reported.63,64  Electrostatic point-charge embedding out to a radius of 15 Å 

was employed in all fragment calculations to capture longer-range and polarization 

effects.  The point charges were determined for an isolated monomer using Gaussian 

distributed multipole analysis at the same level of theory as the chemical shielding 

calculations.   

 Calculated chemical shieldings (σ) were converted to chemical shifts (δ) using 

the linear rescaling relation δ = m σ + σref, with appropriate values for m and σref taken 

from previous studies.63,64 While ideally m = -1, systematic errors arise in first principles 

calculations of shielding due to approximations inherent to the level of theory and basis 

set choice.  For the PBE0 functional and 6-311+G(2d,p)/mixed basis scheme employed 

here, Hartman et al63,64 report m=-0.9674 and σTMS=179.59 ppm for 13C and m=-0.9136 

and σTMS =28.62 ppm for 1H.  Their 13C test set gave a root-mean-square-error (RMSE) 

of 1.43 ppm for isotropic shifts, 3.16 ppm for aliphatic and aromatic shift tensor 

components, and 9.24 ppm for tensor components of sp
2 carbons directly bonded to 

oxygen and nitrogen atoms; the 1H test set gave an RMSE of 0.32 ppm.  

4.1.3 Results and Discussion 

The metastable SSRD product crystal phase is only accessible via photochemical reaction 

of the monomer crystal, but the geometry changes that accompany this reaction lead to 
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crystal disintegration.  This made it impossible to determine the SSRD structure using 

single crystal XRD experiments.  We were, however, able to obtain PXRD and SSNMR 

data on the crystalline powder.28  Those results clearly showed that the SSRD structure 

was different from the low energy SGD crystal.  But previously, we were unable to 

establish the exact nature of the molecular packing in the SSRD crystal.  Here, we take 

advantage of advances in computational methods for the analysis of PXRD and the first 

principles prediction of NMR chemical shifts to tackle this problem.  In principle, the 

PXRD pattern by itself should be sufficient to solve the crystal structure, but the low 

number of peaks and limited signal-to-noise ratio lead to an ensemble of possible 

solutions, making it necessary to use NMR in conjunction with computational methods to 

refine and distinguish the potential candidate structures. 

1.  Candidate Crystal Structures from Powder X-Ray Diffraction 

Table 4.1 Best candidates generated by the X-Cell program when all 15 well identified peaks were used for 
indexing. Only the orthorhombic Pccn candidate has an Rwp of lower than 20% after Rietveld refinement. 

# Rel. FOM Peaks Found System Volume 
Extinction 

Class 2θ Div 
1 1.009 14 of 15 Orthorhombic 2270 Pmma 0.004235 
2 0.821 14 of 15 Orthorhombic 3010 Pccn 0.005063 
3 0.636 15 of 15 Triclinic 1010 P1 0.005303 
4 0.458 14 of 15 Triclinic 675 P1 0.005847 
5 0.416 15 of 15 Triclinic 1080 P1 0.007726 
6 0.413 15 of 15 Monoclinic 2290 C2 0.018228 
7 0.221 15 of 15 Triclinic 979 P1 0.015769 
8 0.215 15 of 15 Triclinic 1060 P1 0.015202 
9 0.185 14 of 15 Triclinic 531 P1 0.016951 

 
 The first step in the determination of the SSRD crystal structure was to analyze 

the PXRD pattern.  To begin, the X-Cell program was used to scan all crystal systems for 

potential matches to the indexed powder pattern.  The top nine candidate unit cells, 
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ranked by figure-of-merit (FOM), are summarized in Table 4.1. Of these, only the 

orthorhombic Pccn candidate had a reasonable Rwp (16.7%) after insertion and structural 

optimization of the molecular contents using Powder Solve and subsequent Rietveld 

refinement (Figure 4.2(a)). The second lowest Rwp at 29.10% came from a triclinic cell 

that was overpacked (with a density of 1.75 g/cm3), and was not able to converge upon 

DFT geometry optimization.  

 

Figure 4.2 a) Rietveld Refinement Rwp’s of the candidates listed in Table 4.1. (b) Rwp’s of the orthorhombic  

candidates before (darker) and after (lighter) solid-state DFT refinement with Quantum Espresso. The Pccn 

candidate (red)  resulted in the smallest Rwp’s both before and after DFT geometry optimization. 

The other seven candidates resulted in Rwp’s ranging from 39.62% to 70.18% and had 

obvious deviations from the experimental SSRD PXRD pattern. For completeness, all 

space groups within the orthorhombic crystal system were then scanned within X-cell and 
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those with positive figures-of-merit were passed on to Powder Solve and Rietveld 

refinement (Figures 2(b)). Eight space groups (Aba2, A2122, Pbca, Pccn, P21cn, P21ca, 

Pcc2, and P212121) within this crystal system produced Rwp values in the range of 16.7% 

- 18.7%.  These eight structures were subsequently geometry optimized using solid-state 

DFT.  While all Rwp values improved upon this structural refinement, the Pccn structure 

still yielded the lowest Rwp value of 15.42%, with the seven other structures having Rwp 

values ranging from 16.3% - 17.0%.   

The eight candidate crystal structures were found to have comparable unit cell 

dimensions (Table 4.2) and long-range order, but differed in the precise details of the 

molecular packing.   

Table 4.2 Crystal data for monomer and SSRD candidates.  Monomer and best-fit SSRD (Pccn) are 
highlighted in gray. 

 C19H18O2 
monomer 

C38H36O
4 SSRD 

C38H36O4 
SSRD 

C38H36O4 
SSRD 

C38H36O4 
SSRD 

C38H36O4 
SSRD 

C38H36O4 
SSRD 

C38H36O4 
SSRD 

C38H36O4 
SSRD 

Formula 
weight 

278.33 556.67 556.67 556.67 556.67 556.67 556.67 556.67 556.67 

 
Crystal 
System 

Mono. Ortho. Ortho. Ortho. Ortho. Ortho. Ortho. Ortho. Ortho. 

 
Space group 
 

P21/n Aba2 A2122 Pbca Pccn P21cn P21ca Pcc2 P212121 

Unit cell         
                      a 

b 
c 

9.1313 
17.5205 
9.7613 

15.8681 
15.7577 
12.0773 

15.8684 
15.7642 
12.0704 

15.8659 
12.0652 
15.7567 

15.8708 
12.0647 
15.7589 

15.8665 
12.0693 
15.7627 

15.8682 
12.0777 
15.7573 

15.8695 
12.0797 
15.7608 

15.8688 
12.0662 
15.7659 

 
α  
β  
γ 
  

90 
99.9029 
90 

90 
90 
90 

90 
90 
90 

90 
90 
90 

90 
90 
90 

90 
90 
90 

90 
90 
90 

90 
90 
90 

90 
90 
90 

Volume 1538.39 3019.87 3019.44 3016.23 3017.48 3018.52 3019.91 3021.33 3018.79 
Z 4 4 4 4 4 4 4 4 4 
 
Density (calc) 
 

1.20 1.23 1.23 1.23 1.23 1.23 1.23 1.23 1.23 

Most of the deviations (and the resulting space group differences) were associated with 

the orientations of the tert-butyl ester groups, which were quantified by the pair of torsion 
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angles C6'-C13-C15-O1 and C6-C13'-C15'-O1' within a dimer molecule (Table 4.3).  

Different pairings of torsions correspond to different molecular symmetries and space 

groups; for example, two angles with the same value but opposite signs correspond to an 

inversion center in the dimer molecule (space groups Pccn and Pbca), while pairs of 

torsion angles with different absolute values lower the overall symmetry (space groups 

P212121, and P21cn).   

Table 4.3 Torsion angles locating the ester groups for the candidate crystal structures 

 C6'-C13-C15-O1 C6-C13'-C15'-O1' 
monomer -21.02o -21.02 o 
Aba2 -5.14 o -5.14 o 
A2122 -8.59 o -8.59 o 
Pbca -4.08 o 4.08 o 
Pccn -0.68 o 0.68 o 
P21cn -5.71o -12.34o 
P212121 1.62 o 6.90 o 
P21ca 2.59 o 131.34 o 
Pcc2 6.32 o 119.31 o 

The structures could be grouped into two qualitatively different ensembles.  The first set 

(the small-torsion ensemble) had both ester torsions close to zero (Aba2, A2122, Pbca, 

Pccn, P21cn, P212121), similar to the orientations found in the monomer crystal.  The 

second group (the asymmetric ensemble) had one of the ester groups rotated past 90o 

(P21ca, Pcc2), toward the 180o orientation observed in the SGD.  These differences are 

highlighted in Figure 4.3. 

2.  Candidate Rankings from NMR Crystallography 

To distinguish between these candidates, we turned to NMR crystallography – the 

synergistic combination of diffraction methods, solid-state NMR spectroscopy, and first 

principle computation of chemical shieldings – which has developed into a powerful 
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approach for screening and ranking potential crystal structures based on consistency with 

the SSNMR observables. 33-44   

 
Figure 4.3 Overlaid asymmetric units from the small-torsion (green) and asymmetric (blue) ensembles.  

The Pccn structure (green carbons) most closely maintains the orientation of the tertbutyl ester groups 

found in the monomer structure, while the P21ca structure (blue carbons) shows a rotation of one of the 

tertbutyl ester groups toward the orientation found in the solution grown dimer. Oxygen atoms are colored 

red and hydrogen white. 

 
Figure 4.4 HETCOR experiment performed on SSRD, with computed chemical shifts for the Pccn 
structure overlaid as X’s. Chemical shift assignments are indicated as dashed lines with labels on the sides. 
The additional peak to the right of the SSRD methyl group (C17-C19) is due to SGD that forms under the 
mechanical stress of sample preparation for MAS. 



110 
 

First, 1H and 13C isotropic chemical shifts and 13C chemical shift tensors were measured 

in the solid-state, and then both isotropic and tensor quantities were quantitatively 

compared to DFT predictions for the SSRD candidates. Figure 4.4 shows the two-

dimensional 1H-13C HETCOR spectrum used to partially assign the 1H and 13C 

resonances of the SSRD; the assigned chemical shifts are summarized in Table 4.4.  

Table 4.4 Experimental isotropic and anisotropic chemical shifts (ppm) for the SSRD and first principles 
shifts for the Pccn candidate. 

13C Experiment Theory 1H Exp Theory 

 Iso σ11 σ22 σ33 iso σ11 σ22 σ33  iso iso 
C5 141.5 234.9 176.9 12.7 140.9 234.9 175.0 13.0 H1 6.88 6.66 
C6 55.6 62.8 58.3 45.8 55.9 62.7 59.5 45.4 H4 6.72 6.88 
C7 141.5 234.9 176.9 12.7 140.5 233.5 174.8 13.3 H6 5.49 5.44 

C12 144.6 237.7 174.0 22.2 145.2 238.5 175.0 22.0 H8 6.72 6.88 
C13 67.7 79.9 73.8 49.4 69.2 81.6 78.0 48.2 H11 6.88 6.65 
C14 144.6 237.7 174.0 22.2 145.1 238.1 175.3 22.0 H17-25 0.80 1.08b 
C15 172.8 115.4 139.8 263.2 176.4 112.0 150.0 267.2 H1' 6.88 6.66 
C16 84.5 117.7 107.1 28.7 87.3 120.6 111.4 29.8 H4' 6.72 6.70 

C17-19 28.9    28.3a    H6' 5.49 5.48 
C5' 141.5 234.9 176.9 12.7 141.5 234.5 176.9 13.1 H8' 6.72 6.67 
C6' 55.6 62.8 58.3 45.8 55.9 62.6 59.7 45.5 H11' 6.88 6.68 
C7' 141.5 234.9 176.9 12.7 141.6 236.1 176.2 12.4 H17'-25' 0.80 1.08b 

C12' 144.6 237.7 174.0 22.2 145.6 239.2 175.2 22.4    
C13' 67.7 79.9 73.8 49.4 69.4 81.6 78.0 48.6    
C14' 144.6 237.7 174.0 22.2 145.6 239.1 175.5 22.2    
C15' 172.8 115.4 139.8 263.2 176.4 111.9 149.4 267.9    
C16' 84.5 117.7 107.1 28.7 87.0 120.1 111.2 29.6    

C17'-19' 28.9    28.4a       
a Reported as the average of the calculated methyl carbon chemical shifts. 
b Reported as the average of the calculated methyl proton chemical shifts. 
 

In principle, atom pairs symmetrically-placed about the C6-C13-C6'-C13' plane (e.g., C5 

and C7), as well as corresponding sites on the two halves of the dimer (e.g., C5 and C5'), 

need not be magnetically equivalent. However, no distinct resonances for these sites were 

resolved experimentally. This observation may reflect true symmetry of the system, 

accidental or near degeneracy of the corresponding resonances, or equivalence due to 

dynamic conformational averaging.   
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Only a single methyl resonance was observed as well, implying fast rotational 

motion of the t-butyl groups. 13C tensor values were measured using the TOSS-t1-

deTOSS (sites C5/C7, C12/C14, C15, and C16) and xCSA (sites C6 and C13) 

experiments (Figures S2 and S5).  Tensor principal axis components were determined by 

a fit of the sideband intensities using Herzfeld-Berger analysis52 (Figures S3 and S6) and 

are summarized along with the isotropic shifts in Table 4.4.  

First principles chemical shifts (isotropic and tensor components) were predicted 

for each of the eight candidate structures using the cluster-based, DFT approach 

described above. These were used to rank the candidate structures based on the reduced 

chi-squared statistic,68 ( )
∑

−
=

i i

i

calc

i

sN 2

2exp
2 1 δδ

χ , the weighted deviation of the model and 

experimental NMR parameters; here, ��
��� is the experimental isotropic chemical shift or 

CSA tensor component, ��
���� is the corresponding predicted value, and 	�


 is the nuclide 

and interaction-specific weighting derived by setting 	�  to the root-mean-square error 

found in the test sets used to parameterize the linear rescaling. A lower 2χ  value 

indicates better agreement between calculated and experimental parameters. In the case 

of chi-squared analysis using only the isotropic 13C chemical shifts, the six candidates in 

the small-torsion ensemble (space groups Aba2, A2122, Pbca, Pccn, P21cn, and P212121) 

were found to sit within the 99% confidence interval (χ2 distribution, 18 degrees of 

freedom;68 Figure 4.5(a)).  The other two candidates in the asymmetric ensemble (P21ca 

and Pcc2) did not agree well with the 13C experimental chemical shifts and could be 

excluded with greater than 99% confidence.   
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Figure 4.5 Reduced chi-square comparing experimental and first principles chemical shifts.  (a) 13C 
isotropic chemical shifts; (b) 13C chemical shift tensor components; (c) 1H isotropic chemical shifts; and (d) 
all NMR data.  The 95% and 99% confidence limits are shown as the solid and dashed red lines and are 
nearly overlapped in (d). 

All structures were then screened against experimental 13C chemical shift anisotropy 

tensor components and isotropic 1H chemical shifts (Figure 4.5 (b) and (c)).  A 

cumulative reduced chi-squared was also calculated incorporating all 78 predicted values 

(Figure 4.5(d)).  The six candidates in the small-torsion ensemble were found to sit within 

the 95% confidence interval, while the two candidates in the asymmetric ensemble could 

be excluded with greater than 99% confidence. 

The six structures that lie within the 95% confidence limits were found to have 

very similar packing motifs and when overlaid (Figure 4.6) an RMSD range of 0.03 Å - 
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0.08 Å could be achieved for this ensemble (ignoring the positions of the rotating t-butyl 

methyl groups).   

 
Figure 4.6 Overlaid candidates of the small-torsion ensemble (space groups Aba2, A2122, Pbca, Pccn, 

P21cn, and P212121) from three viewpoints (a, b, c). The structures show small structural differences, with 

heavy-atom RMSD’s calculated against the Pccn space group of 0.0409 Å for Aba2, 0.072 Å for A2122, 

0.0345 Å for Pbca, 0.0794 Å for P21cn, and 0.0442 Å for P212121. The methyl carbons  were not included 

in the RMSD calculations.  Carbon atoms are designated in gray, oxygen in red, and hydrogen in white.  

Although all six structures showed good agreement with the experimental data, 

the Pccn structure was consistently found to be the best fit, both to the individual and 

combined NMR parameters as well as the PXRD spectrum.  Based on this superior 

agreement with experiment, we take the Pccn candidate to be the best description of the 

SSRD crystal structure.  A comparison of the experimental and calculated NMR 

parameters for this structure is given in Table 4.4, and the computed chemical shifts are 
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overlaid on the correlation spectrum in Figure 4.4.  Figure 4.7 also shows the 

experimental and predicted PXRD pattern for the best-fit structure.   

 
Figure 4.7 Comparison of the SSRD PXRD pattern (points) with that calculated for the Pccn structure 
(line). The difference between experimental and calculated is shown below. 
  

Although we take the SSRD to have the Pccn structure, it should be emphasized that for 

the analysis of the photomechanical response (Section 3 below), the conclusions would 

be identical for any of the other five candidate space groups from the small-torsion 

ensemble, since they are almost indistinguishable from the Pccn structure.   

3.  Implications for the Mechanism of Nanorod Expansion 

The crystal structure determined for the SSRD is shown in Figure 4.8 along with 

those for the monomer and SGD. The SSRD structure is consistent with our previous 

work,28 although several aspects of the crystal structure deserve special mention.  First, 

the overall herringbone pair packing of the anthracene units present in the monomer 
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crystal is maintained in the SSRD, despite the fact that the anthracenes are now 

connected via the new bonds formed by the [4+4] dimerization.   

 
Figure 4.8 Molecular packing in a) the 9TBAE monomer crystal; b) the metastable SSRD dimer crystal; 

and c) the stable SGD dimer crystal.  Carbon atoms are designated in gray and oxygen in red; hydrogen 

atoms are omitted. 
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This metastable packing can be contrasted with that of the lower-energy SGD structure, 

where the anthracenes are arranged in parallel layers.  Second, the tert-butyl ester groups 

of the SSRD are rotated inward, similar to their orientation in the monomer crystal.  In 

the SGD crystal, these sidegroups are rotated by 180° to face outward in order to 

associate with each other in the layered packing structure.  The SSRD structure is 

consistent with the principle of least motion during the photochemical reaction:  the new 

bonds form, but the molecular geometry and crystal packing do not undergo large scale 

rearrangement. 

The SSRD crystal parameters are compared to those of monomeric 9TBAE in 

Table 4.2.  On their own, the SSRD structure parameters provide no obvious reason for 

the nanorod expansion – the overall volume per anthracene unit actually decreases for the 

SSRD structure.  In order to gain insight into possible mechanisms for the nanorod 

expansion, a more detailed analysis of the orientation of the crystal unit cell with respect 

to the nanorod axis is necessary.  Previously, we reported PXRD experiments on 9TBAE 

nanorods aligned within an AAO template lying horizontally on the diffractometer.  

These aligned crystals do not give a true powder pattern; rather, the diffraction intensity 

is dominated by lines corresponding to Miller planes parallel to the template 

(perpendicular to the rod axis).  By comparing the position of the lines to a calculated 

PXRD pattern, we concluded that the monomer diffraction intensity resides in the 011 

peak at 10.5°.  Upon illumination, a new peak at 2θ=10.8° emerged as the SSRD formed, 

while the monomer peak intensity at 2θ=10.5° decreased.  Comparison of our data to the 

calculated PXRD pattern (Figure 4.7) allows us to tentatively assign the peak at 10.8° to 
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the (111) Miller plane of SSRD. But when the original (011) plane of monomer is 

transformed into the (111) plane of the SSRD after photoreaction, a 2.7% decrease of the 

molecules’ projection onto the rod axis is calculated.  This structural transition is shown 

on the right side of Figure 4.9.  

 
Figure 4.9 Photodimerization of 9TBAE. The monomer is shown on the left, and the new orientation of 
the dimer crystal is shown on the right. If the dimer nanorod axis (111) plane ends up perpendicular to the 
nanorod axis, then a 2% contraction would be predicted. Carbon atoms are colored gray, oxygen red, and 
hydrogen white. 
 

The discrepancy between the calculated decrease in rod length and the 

experimentally observed increase deserves some comment.  One possible explanation is 

that the expansion has nothing to do with the crystal-to-crystal structure change, but 

instead arises from larger scale changes in crystal morphology, for example the creation 

of voids.  But optical and scanning probe microscopy measurements showed no evidence 

for the formation of large defective regions, while the PXRD patterns show well-resolved 

peaks, indicating that there is no dramatic disruption of crystal morphology or huge 

increase in nanometer-scale defects.  A second possibility is that our identification of the 

(111) peak, based on our calculated SSRD structure, is not reliable due to small errors in 

the structure.  But such “noise” in the calculated structures is not sufficient to change the 
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calculated peak position.  For example, when any of the potential SSRD structures in 

Table 4.2 are used, the (111) peak always appears in the same place within ±0.1°.  So the 

PXRD peak location and its correspondence to SSRD crystal orientation are robust 

results that do not depend on small changes in the SSRD structure.  Similarly, the 

predicted contraction does not depend on the specific assignment of the Pccn candidate to 

the SSRD.  When analyzed in detail, all six members of the small-torsion ensemble lead 

to the same contraction along the (111) axis.  A final possibility is that the PXRD peaks 

shown in ref. 28 do not provide an accurate measure of the crystal orientation within the 

bulk nanorods.  We have calculated that different crystal orientations with respect to the 

long rod axis can lead to both expansion and contraction after phoroeaction.  We are 

currently using additional methods, including single crystal NMR, to more accurately 

determine the crystal orientation within the nanorod.  This measurement, in conjunction 

with the SSRD crystal structure determined in this paper, will hopefully enable us to 

quantitatively connect molecular-scale motions to the micon-scale expansions. 

4.1.4 Conclusion 

 This paper reports the successful determination of the SSRD crystal structure 

using a combined PXRD/computation/SSNMR approach, demonstrating that NMR 

crystallography can be applied to solve the structure of a meta-stable intermediate in a 

solid-state photomechanical reaction.  Both the PXRD and NMR data were necessary to 

converge on a structure consistent with all experimental observables.  This achievement 

provides physical insight into the origin of the large (up to 15%) photomechanical 

expansion seen in anthracene ester nanorods, which cannot be simply explained in terms 
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of changes in the volume or unit cell parameters of the SSRD product crystal.  Our results 

highlight the need for accurate determination of the crystal orientation within the 

nanorods in order to obtain a mechanistic understanding of the photoinduced expansion. 

4.2 9TBAE Mechanism of Expansion 

4.2.1 Introduction 

Although the photoinduced expansion of the 9TBAE nanorods shown in Figure 

4.10 was first observed in 2006,26 a detailed mechanistic understanding of this 

phenomenon has proved elusive. Since both the reactant and product are oriented 

crystals, in principle the expansion should be explainable in terms of the molecular-level 

structure changes that accompany the solid-state photodimerization.   

 
Figure 4.10 SEM image of the expansion of 9TBAE nanorods when irradiated with UV light. 
 

Unfortunately, the SSRD structure cannot be determined using single crystal x-ray 

diffraction, due to disintegration of large crystals. Above, we were able to use a 

combination of PXRD and SSNMR spectroscopy to determine the detailed crystal 

structure of the SSRD. In comparing the two species, surprisingly, the dimer crystal does 
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not exhibit expansion along any of its crystal axes, and in fact the overall volume per 

anthracene moiety actually shrinks by 1.2%. When we tried to use the monomer crystal 

orientation that was consistent with PXRD measurements on nanorods oriented in an 

anodic aluminum oxide (AAO) template, a contraction of 2.3% in length was predicted, 

the opposite of what is experimentally observed. 

 The discrepancy between our calculated and observed expansions forced us to re-

evaluate our previous assumptions. Although the use of PXRD on oriented samples has 

been used successfully to determine crystal orientations for inorganic nanowires,69 we 

suspected that in our case it might be giving misleading results, possibly due to the 

presence of aligned surface debris that could diffract strongly. We decided to use an 

alternate technique, oriented solid state NMR (OSSNMR), that would be sensitive to only 

the bulk crystal orientation, as opposed to surface contaminants. Below, this new 

approach to determining orientation and structure change in photoreactive molecular 

crystals is presented. Application of this technique to 9TBAE confirms our previous 

conclusions about the molecular-level structure changes that occur after 

photodimerization, but shows that our estimations of the crystal orientation within the 

nanorod were incorrect. By determining the crystal orientation with respect to the long 

axis of the nanorod, both before and after photodimerization, we are now able to calculate 

a photoinduced expansion of 7.5%, which is in good agreement with the experimental 

value. Furthermore, our results point to a novel mechanism for the expansion:  a tilting of 

the crystal packing motif, rather than a physical expansion of the unit cell. The detailed 

characterization of this mechanism provides new directions for the design of 
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photomechanical materials that rely on a full reactant-to-produce phase transition, rather 

than on partial reaction to form reactant-product mixture.   

4.2.2 Experimental 

 

 
Figure 4.11 Images of the home built flat coil probe with the AAO template inside the coil (top right) and 
outside the coil (bottom right). The template is placed between two pieces of glass to aid in handling 
template as it is quite fragile. 
 

T-butyl 13C labeled 9TBAE AAO templates were prepared using the procedure 

previously described in the literature.70 Cross-polarization (CP) OSSNMR experiments 

were performed at 9.4 T (400.37 MHz 1H, 100.67 MHz 13C) on a Bruker AVANCE III 

spectrometer equipped with a home-built probe utilizing a flat coil (Figure 4.11, 

Appendix A).  1H 
�



 pulses were 25 kHz and decoupling pulses were 22.6 kHz. Cross-
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polarization was accomplished at a 1H spin-lock field of 16.8 kHz and 13C spin-lock of 14 

kHz (ramped +/- 1.5 kHz). For each spectrum, 2048 complex data points with a dwell of 

10 μs (spectral width 50 kHz, total acquisition time 20 ms) were acquired with a recycle 

delay of 4 s. 8,192 transients were co-added for a total experiment time of 9 h. Chemical 

shifts were referenced to neat TMS by setting an external sample of Adamantane peak to 

38.4 ppm. 

4.2.3 Results and Discussion 

 OSSNMR is already an established technique; however, the specific application 

utilized here has not been seen in the literature to date. Classical applications of 

OSSNMR predominantly involve single crystals,71-73 and oriented membrane proteins.74 

The reorientation of large proteins is slow making solution state NMR not ideal, however 

through an application of force (pressure) the protein tends to align making it an ideal 

method to study these large systems. We are faced with a similar problem in 9TBAE, as 

solution state and single crystal NMR are unavailable to us, and while the CSA 

information obtained from MAS NMR aided in the solution of the structure it did not 

shed light on the expansion mechanism. Expansion is only observed in the nanorods of 

9TBAE, accordingly we attempt to detect intact nanorods directly in the AAO template. 

 The first attempt at this direct detection was to utilize PXRD of the nanorods in 

the AAO template. Unfortunately, the data obtained from PXRD provided orientations 

that were not in agreement with the data obtained via ssNMR. Upon further inspection of 

the relative orientations it became clear that, while the surface debris was thought to have 

been removed, nanorods had grown orthogonal to those contained within the template. 
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We believe it is these surface nanorods creating the diffraction pattern observed, giving 

the misalignment of NMR and PXRD data. These surface nanorods can be seen in the 

NMR spectrum, characterized by the broad, underlying background signal that extends 

out to ~130 ppm and while polishing the surface of the template helps to decrease its 

relative intensity it is never fully removed. The unreliable results from PXRD made data 

from OSSNMR the only method able to differentiate the bulk of the material from the 

surface debris.  

Initially we attempted to utilize equipment already available. Templates were 

broken into small pieces and placed inside a goniometer probe, which is traditionally 

used for single crystal NMR. Unfortunately, the size of the pieces needed to fit into the 

sample holder was too small to give an observable signal. 

  
Figure 4.12 Spectrum of 8,192 transients of 9TBAE monomer nanorods grown in a single AAO template 
for a total experimental time of 9 h.  
 

Borrowing from the oriented membrane methodology we built a coil that could fit the 

entire AAO template. The coil was made large enough to accommodate multiple stacked 
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templates (up to 10) as we were unsure as to the amount of signal a single template would 

produce. 9TBAE with 13C labeled t-butyl groups were grown in the AAO templates by 

Dr. Lingyan Zhu and initial experiments showed a single template would give sufficient 

signal (Figure 4.12). From this the coil could benefit from decreasing the overall size as 

to improve the filling factor but these improvements would be trivial given the width of 

the resonances. 

 

 
Figure 4.13 Irradiation of AAO Template containing 9TBAE in 5 minute intervals. A clear isosbestic point 
is observed for the tertiary carbon in the t-butyl group in the transition from monomer to SSRD.  
 

Upon observation of the 9TBAE monomer the AAO template was irradiated in a 

step-wise fashion to form the SSRD (Figure 4.13). With this distinct difference in 



125 
 

chemical shift the mechanism of expansion can be modeled by using the first principles 

calculated shielding tensor values63 obtained for the monomer and SSRD. 

Using these tensor components we can model the resulting spectrum for any given 

orientation in the magnetic field (Figure 4.14), allowing the extraction of the orientation 

for both the monomer and dimer in the nanorods.  

 

Figure 4.14 Resonances predicted through reorientation of the principle tensor components of 9TBAE 
dimer nanorods. 
 

The fitting procedure produces six possible orientations for the monomer and eight for 

the dimer. As many of these structures are related through symmetry elements, we find 

two unique structures for the monomer and two for the dimer. As the symmetry elements 

can produce structures that may not readily relate to one another, a visual analysis of 

monomer-dimer relation is required. By overlaying specific orientations (sticking to the 

principle of least motion for the transformation) of the monomer and dimer we can see 

what we believe is the mechanism of expansion (Figure 4.15). 
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Figure 4.15 Atomic view of the reorientation of the crystal structure of 9TBAE with the monomer in green 
and dimer in blue. 
 

In this view we see that the expansion is not caused by a change in the unit cell volume, 

but rather a reorientation or rotation of the crystal with a simplified representation of this 

change shown in Figure 4.16. This mechanism for expansion has not been characterized 

before in the literature and has a rather significant implication on the design of 

photomechanical materials. Photomechanical design is no longer limited to large changes 

in the unit cell volume, but can extent to a shift in the orientation of the photoreacted 

product.  

The continued challenge for crystal growth and design however will be to expand 

to systems that do not only provide useful changes on the microcrystalline scale, but to 

also incorporate more unique changes into the crystal in addition to simple expansions. 
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Figure 4.16 Cartoon representation of the mechanism of expansion in 9TBAE. 

 

Perhaps recently developed methodologies that inhibit the growth of certain facets of the 

crystals can be incorporated into the design, giving the ability to fine tune the resulting 

structure. 
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Appendix A 

Pulse Sequence Optimization and Home Built Probe 

A.1 TOSS-DeTOSS 

When implementing any new pulse sequence, or transitioning from one probe to 

another, optimization of the pulse powers are necessary. Unlike liquids the linewidths 

present in solids means shimming does not dramatically affect the obtained spectrum so 

previously optimized values can be used. For the pulse powers and timings in the Mueller 

lab the proton nutation rate is typically set to 83 kHz (or a pulse length of 3μs) which 

eases the calculations of the remaining pulses. In order to obtain the correct power level 

for 
1
H we utilize a null point method by setting the pulse length to 6 μs and find the 

power level where the signal is minimized but not inverted. From there the power level 

necessary for 
1
H CP is computed by simply subtracting 6 dB from the optimized 

1
H 

power levels.  

The 
13

C CP power level is typically optimized by first finding the optimal power 

for a 
13

C pulse with a nutation frequency of 50 kHz (or a pulse length of 5 μs) using a 

standard CP pulse sequence with the only difference being a 
13

C 90° pulse directly before 

acquisition. With the correct power level the signal should be minimized as the effective 

magnetization vector should be flipped entirely from the XY-plane onto the Z-axis. This 

allows for a good starting power level for CP however since there are small variations in 

the electronics a series of short experiments typically on glycine are run where the 
13

C CP 

power level is varied until optimal signal intensity is obtained. Following this general 

optimization procedure for power levels the original TDT pulse sequence is applied to 
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natural abundance glycine (Figure A.1) and does not provide satisfactory results, evident 

by the multitude of artifacts seen in Figure A.2; therefore, we sought to improve its 

application. 

 
Figure A.1 TDT pulse sequence. Solid boxes represent 

�

2

 pulses and open boxes represent π pulses. The 

timings between the 4 π pulses are very carefully timed as to make only the sidebands time dependent.  

 
Figure A.2 TDT spectrum of Glycine before implementation of cog-wheel phase cycle. Total experimental 

time was 35 h.  
 

 The artifacts that are present in Figure A.2 come primarily from π pulse 

imperfections. This would mean the power levels are slightly off and if there were only 
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one π pulse this would be easily resolved by using a simple 4 to 8 step phase cycle. The 

implementation of this phase cycle would be generally unnoticed as a minimum of those 

cycles would be needed in order to obtain enough signal for suitable signal to noise. As 

the number π pulses increases the steps in the phase cycle also increases dramatically 

scaling at a rate of 3
N
. It is possible that with clever planning it is still possible to 

generate a phase cycle that sticks to the traditional 4 phase offsets used, however, all of 

the methods that we attempted were unsuccessful. In order to obtain a spectrum that 

didn’t include these artifacts we had to move out of the traditional phase cycle 

methodology and utilize less common phase offsets. Fortunately, Malcolm Levitt had 

already ventured into this realm and generated a general equation to apply to a variety of 

systems. 

 
 
Figure A.3 TDT spectrum of Glycine after the implementation of cog-wheel phase cycling. Total 

experimental time was 7h. 
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This is called cogwheel phase cycling
1
 and significantly reduces the number of 

transients required to obtain an acceptable spectrum (Figure A.3). Implementation is still 

non-trivial as the winding equation requires a calculated numerical solution for the phases 

and number of steps needed. Furthermore, since the instrumentation and electronics are 

not always ideal, implementation of even a previously developed method can take several 

attempts before obtaining optimal signal. Once properly implemented, a full cogwheel 

phase cycle needs only 16 t2 transients as opposed to the ~59,000 transients needed for a 

traditional nested phase cycle. Incorporating cogwheel phase cycling also reduced the 

dependence that TDT has to transmitter offset as seen in the text. 

We selected sucrose as it is a more complex system which includes 12 unique 

carbons, is readily available, and most importantly had been very well studied by two 

groups, Grant
2,3

 and Titman,
4
 giving a very good set of tensor values to compare our 

experiments with. The main limitation of the TDT method when measuring spectral data 

for sucrose are the number of t1 points necessary to achieve suitable resolution for 

extraction of  reliable tensor elements. A method available to the spectroscopist to 

minimize the amount of experimental time is to fold downfield peaks back into the 

spectrum. Folding happens when the spectral width defined in the f1 dimension is not 

large enough to contain all of the peaks; the resonances that would appear outside the 

spectral width are mirrored across the boundary appearing at a resonance related to the 

distance past the defined spectral width they would have occurred.  
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Figure A.4 TDT of sucrose recrystallized from H2O.  

 

We utilize folding when acquiring a TDT spectrum for sucrose, and as seen in 

Figure A.4 there are two peaks that appear in the ω1 dimension significantly upfield from 

where their manifold of spinning sidebands in the ω2 dimension. The selection for the 

spectral width in the f1 dimension has to be carefully selected so the peaks folded in will 

not overlap the existing peaks. While a quick back of the envelope calculation is 

generally sufficient to avoid overlap, it can take a few different iterations to properly 

place the folded peaks in conjunction with the resolution obtained. This does not affect 

the information acquired, but can significantly improve the resolution obtained for a set 

time period.  

 

 



138 

 

A.2 Probe Development 

 
Figure A.5 Images of the home built flat coil probe with the AAO template inside the coil (top right) and 

outside the coil (bottom right). The template is placed between two pieces of glass to aid in handling 

template as it is quite fragile. 

 

The following is an expansion on the development of the probe designed (Figure 

A.5) in conjunction with Stan Opella’s group in San Diego. The idea started at a Southern 

California Users of Magnets (SCUM) meeting from a talk about how linewidths can be 

significantly narrowed if there is a single axis of alignment imposed on the sample. This 

talk was specifically related to a bicelle project; however sample alignment is also 

utilized in single crystals as well as membrane protein samples. As attempts to solve the 

mechanism of expansion in 9TBAE had been unsuccessful this method piqued our 

interest. When 9TBAE is grown in an AAO template it grows in a very specific 
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orientation, giving us a direction of alignment that should narrow the resulting spectrum. 

The only missing element was a method in which to detect the sample directly.  

As stated in the previous paragraph NMR has been used to look at oriented 

membrane samples, and to do this Stan Opella’s group utilized flat coils. These flat coils 

were designed to fit microscope slides that were used to orient the membrane samples. 

With this knowledge we knew we could build a coil large enough to fit and observe the 

template directly. As Opella’s group is located at UC San Diego we enlisted their help to 

develop a flat coil probe which would be a modification of our previously built 

goniometer probe. The first step in the process was to machine a coil form that the coil 

would be wrapped around. Two forms were machined, one of copper and one of 

aluminum, to take down to San Diego. It was imperative that they were carefully 

machined to have both a consistent thickness as well as a very specific width.  

As the width of the form was unchangeable so an entire template would fit inside 

the coil, the amount of turns for the coil was limited. From the impedance needed to 

match the circuits we were able to calculate the length of wire we could use for the coil. 

The impedance limited us to only 3 turns around the form, meaning we would need to use 

a robust wire to make sure inserting and removing the template would not bend or distort 

the coil in any manner. With the coil design set the remaining element is to design a 

simple stage where the coil can be mounted while also being attached to the circuitry 

already built into the probe.  

Once the coil was mounted onto the stage there as a relatively long set-up and 

optimization procedure that ensued. First it was imperative that the coil be at or at the 
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very least very near the center of the magnetic field as it is the most homogeneous in this 

location and the shim stacks are also able to alter the magnetic field at this location. Once 

the coil is centered in the magnetic field, it needs to be shimmed as there are no starting 

parameters for this coil. To do this we first needed to figure out how to get water into the 

coil. The initial thought was to put water into a bag and stuff that into the coil, however, 

several problems arise from this as finding a bag small enough to fit into the coil as well 

as one that will seal is challenging. Furthermore, if any of the sample hangs outside the 

coil it makes shimming more difficult as the signal observed can suffer from 

perturbations attributed to water diffusion throughout the sample container.  

We were able to improve the sample used for shimming by using a solid glass 

container that kept much more of the sample centered inside the coil than the initial bag 

method utilized. By looking at the signal intensity change while adjusting the shims we 

were able to obtain suitable shims for the sample. Once the shims were set, the pulse 

powers were optimized similar to the method described in section A.1. As again there 

were no starting parameters the optimization method took considerably longer. The 

notable differences in the optimized power levels are shown in Chapter 4 as we were 

unable to use the high nutation frequency we typically do for 
1
H, with considerably high 

power levels.  

 From there we were able to acquire the data presented in Chapter 4. While the flat 

coil is our best method to utilize the alignment of the sample within the AAO template 

for the alignment shown in the thesis we can also make a similar coil that is instead 

aligned orthogonal to the design shown above. These experiments would give a spectrum 
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containing a restricted powder pattern that would give us additional insight into the 

orientation of the nanorods in the AAO template. This coil has been built and the data has 

been acquired but the interpretation of the information obtained is non-trivial and it is not 

possible to forecast its completion which is the reason it was excluded from this thesis.  
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