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ABSTRACT 

This thesis reports the molecular physics of the solids that have biological importance 

in the case of antiviral compounds. Chemical structures are important because the structure, 

together with dynamics give a framework for understanding their molecular properties. 

However, one does not know whether the formalism of a jump or diffusion model explains 

the rotational dynamics of the molecules in the polycrystalline sample. This work aims to 

make use of the rotational motions of the functional groups to obtain the structural and 

dynamical information at the atomistic level in the case of molecular solids. An important 

feature of the solid-state 2H NMR experiments is that they clearly explain the type of 

rotational motions that occur in the molecular solids.  

The emphasis of this work entails studies of compounds with anti-influenza properties, 

namely, rimantadine, amantadine, and 3-azaspiro[5.5]undecane (spirane). Significantly, 

these compounds inhibit the function of the AM2 proton channel of the influenza virus. 

Furthermore, several compounds with similar structures also show antiviral activities. It 

follows that studying the molecular motions of these drugs helps one to get a hold on the 

functionally important molecular motions of such drugs. One can strategically label these 

molecules with deuterium (2H), an isotope of hydrogen for conducting solid-state 2H NMR 

experiments. Both 2H NMR line shape and 2H NMR relaxation results obtained in this study 

report on the structural fluctuations of the drug molecules. They also serve as the control 

experiments for future experiments, where one studies the drug bound to the proton channel 

in membrane lipid bilayers. 

First, the thesis presents the solid-state 2H NMR spectral line shapes of the antiviral 

compounds in the solid-state at various temperatures. The solid-state 2H NMR spectra show 
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that the residual quadrupolar coupling for the rimantadine-d3 methyl group corresponds to 

an order parameter value of 0.877, indicating that the angle of wobble is 16.6o. Furthermore, 

amantadine-d15 showed two different Pake patterns with the quadrupolar single quantum 

transition values (𝜈𝜈Q
±) of ±21 kHz and ±43 kHz, corresponding to quadrupolar coupling 

tensors whose principal axes are oriented at angles of 70.5o and 180o to the molecular axis, 

respectively. For the 3-azaspiro[5,5]undecane-d4, the 𝜈𝜈Q
± of the nuclear spin in the powder 

type spectra were ±62.5 kHz corresponding to a quadrupolar coupling of 167 kHz due to 

the entire molecule.  

Furthermore, the Zeeman (R1Z) and quadrupolar (R1Q) spin-lattice relaxation rates of 

polycrystalline rimantadine-d3 and amantadine-d15 compounds at various temperatures 

were measured. For the continuous diffusion model, nonlinear regression analysis of the 

relaxation data showed that the preexponential factor for the diffusion constant was 

(1.46±0.01)×1013 s−1, the activation energy was (15.2±0.1) kJ/mol, and the ratio of the 

parallel to the perpendicular component of the diffusion coefficient was 500. The diffusion 

constant above was a component parallel to the rotational axis. On the other hand, 

amantadine-d15 was well explained with the jump model. The jump constants at different 

temperatures showed that the pre-exponential factor for jump rate was 6.24×1012 s−1 and 

the activation energy as 33.6 kJ/mol. Moreover, for 3-azaspiro[5,5]undecane-d4, the T1Z 

relaxation times showed the correlation times were much shorter than the inverse of the 

Larmor frequency. The chapter presented two relaxation times near room temperature.  

As a further step to the study, the thesis presented the angular anisotropy of the nuclear 

spin relaxation rates across the powder-type 2H NMR spectra. It was discovered that there 

was an angular dependence in the R1Z and R1Q spin-lattice constants. Theoretical diffusion 
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model simulations successfully explained the rimantadine-d3 relaxation data. The jump 

model simulated the angular dependence of the relaxation times of the amantadine-d15 

compound. The correlation times, τ00, of the methyl group rotation of the rimantadine-d3 

were close to 7 μs. Likewise, the correlation time, τ, of amantadine-d15 were around 0.2 μs. 

This thesis also presented solid-state 2H NMR data on the hexamethyl-benzene (HMB-

d18). The powder type spectra showed 𝜐𝜐Q
± less than ±10.8 kHz, which was due to composite 

motional narrowing from both the benzene ring and the methyl rotations in the solid-state. 

However, at temperatures below −113 oC (160 K), the 𝜐𝜐Q
±  were observed as ±21 kHz 

showing the freezing of the ring rotation. Assuming the relaxation contributions from the 

ring and methyl rotation are statistically independent, the sum of the R1Z and R1Q rates due 

to individual contributions from each motion successfully explained the observed rates 

over a wide temperature range. The assumption, which separates the ring and the methyl 

motions, has been tested at two different magnetic field strengths. 

Finally, this thesis takes us a step closer to understanding the intramolecular rotations, 

which can be measured using solid-state 2H NMR spectroscopy. Therefore, 2H NMR 

spectroscopy is a tool with an atomic resolution that makes molecular dynamics studies 

uniquely possible in the powder samples by combining line shape and relaxation 

experiments.  
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CHAPTER 1. INTRODUCTION 

1.1 BACKGROUND AND OVERVIEW 

Solid-state NMR spectroscopic methods are informative on the structure and multiscale 

dynamics.  Particularly in solid-state 2H NMR, strong quadrupolar interaction dominates 

the other interactions simplifying the spectral interpretation while providing the site-

specific information. Andrew et al. used proton NMR to obtain the activation energies for 

methyl rotations in the hormones, such as cortisone, testosterone, and β-estradiol.1 These 

hormones had very different biological roles, yet they all had the same carbon skeletal 

structure.2 The researchers showed that the methyl groups in testosterone had minima at 

160 K and 77 K from the T1Z vs. 1/T plot.3 They could not say which minima were from 

which of the two methyl groups. The hydroxyl group sterically hindered one methyl group, 

and the skeletal structure blocked the other methyl group. The second moment in NMR 

changed, and the relaxation rate decreased when a methyl group slowed.4 Similarly, 

Beckmann et al. also obtained the activation energy for the methyl group rotation attached 

to the aromatic system in solid phase.5-10 The NMR is a popular choice to study methyl 

dynamics.11-13 However, for further study, Andrew et al. suggested that they would 

synthesize the molecules with deuteriums and perform 2H NMR to resolve the uncertainty 

by selectively deuterating the methyl groups.14 The strength of the 2H NMR was that the 

method was only sensitive to the electron densities around the deuterium nucleus. 

The M2 channel of the influenza virus has been a drug target.15-17 Researchers reported 

that amantadine made some conformations of the channel favored.18 Furthermore, the 

studies with D2O showed that protons did not get transported with the bulk water.19 On the 

other hand, Mould et al. also found that buffer molecules conducted proton.19 Many 
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influenza proton channel inhibitors, including rimantadine and amantadine, had amine 

groups and adamantane cages.20-24 Compounds based on adamantane were recognized as 

antiviral drugs.25-27 

The intramolecular rotations in solids can be modeled as jump, free diffusion, or the 

diffusion in an anisotropic potential, and can be identified using NMR relaxation 

methods.28 Because the T1Z times depend on the angle between the molecular axis and the 

magnetic field, Vugmeyster et al. say that the methyl group in the membrane proteins of H. 

halobium does not follow the free diffusion model.29, 30 The correlation function change 

with the motional model. Finally, the diffusion in an anisotropic potential model uses the 

potential, which is based on the experimentally determined order parameters. Diffusion in 

an anisotropic model is often used to explain the dynamics of lipid membrane.31-33 As 

further validation of the motional model, one can also do the angular dependence study. 

According to the free-diffusion model in the fast-motional regime (high temperatures), T1Z 

relaxation time across the powder pattern does not change, or in other words, there will be 

no angular dependence.34 However, according to jump model, considerable angular 

dependence is expected. One can use such characteristic temperature and angular 

dependencies to define the type of motion occurring in molecular solids. Similar 

investigations analyzing experimental T1Z and T1Q relaxation times have been previously 

reported to explain the motional model in lipids.35-37  

Investigation of motional models using NMR relaxation methods provides important 

information such as activation energy and correlation times. Comparing the activation 

energies, Copié et al. find that the chromophore in bacteriorhodopsin exists as a trans 
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conformation.38 Based on the jump model, they determine the activation energy, which is 

from the T1Z relaxation times of the deuterated methyl group. 

The rotational dynamics of amantadine-d15 can be explained using the jump model. To 

the best of my knowledge, no one did solid-state 2H NMR relaxation experiments with 

deuterated amantadine. Pschorn et al. only simulated the spectral line shapes from (95 oC) 

368 K to (175 oC) 448 K to show that hexamethylenetetramine, which has a similar 

structure to adamantane cage, followed the tetrahedral jumps.39 I also searched for the 

works of Hong, Cross, and Vold on solid-state NMR. Even though Hong et al. did a 

quadrupolar echo spectral line shape experiment on amantadine-d15 but did not do any 

NMR relaxation measurements with it and show that they could be explained using the 

formalism of the jump model. Similarly, Cross et al. went as far as using the 14N isotopes 

and computer simulations to find the angle between the amantadine and the lipid normal. 

However, they did not experiment with the amantadine-d15 to find the activation energy of 

the rotation.40 Vold cited the work of Greenfield et al., who explained the spectral line 

shapes of the ortho- and para- deuterons of the benzene ring.41 Theoretical line shape based 

on the two-site jump model inadequately explained the experimental line shape. 

Furthermore, Vold mentioned that Zamir et al., who used the jump model, tried to elucidate 

the molecular motion of the pyramidic liquid crystal.42 
 
1.2 OUTLINE OF THE DISSERTATION 

Chapter one gives a literature survey about finding the motional dynamics of molecules 

using solid-state 2H NMR spectroscopy.  

Chapter two gives a basic introduction to NMR within the context of molecular 

spectroscopy and has two components. First is the formation of the quadrupolar 
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Hamiltonian, and the second is the closure property of the rotations. Ultimately, both 

concepts describe how to interpret the line shape spectrum.  

Chapter three covers the theory of nuclear spin relaxation.  This chapter derives the 

correlation functions for the jump and free diffusion model as an example. The chapter 

gives the background to the following chapters, which are organized by the compound 

studied. 

Chapter four is about HMB-d18. The T1Z and T1Q spin-lattice relaxation data are due to 

the complex motion involving the phenyl ring about the six-fold axis and the methyl groups 

around the C‒C methyl axis. Furthermore, this chapter presents the relaxation data across 

the spectral line shape and relaxation simulations. Such analysis across the entire 2H NMR 

spectra gives the angular dependence of the relaxation times. Simulating the relaxation 

rates gives the essential parameters such as the activation energy and the diffusion constant. 

Chapter five is about rimantadine-d3. The 2H NMR spectral line shape experiment 

shows whether there is wobbling in the axis. Similar to HMB-d15, the simulation of the 

experimental relaxation rates gives the diffusion constant and the activation energy.  

Chapter six is relevant to amantadine-d15, whose chemical structure is similar to 

rimantadine-d3. Nonetheless, we studied the adamantane cage dynamics here. The motional 

model of amantadine-d15 is the jump model. Also, the chapter presents the T1Z and T1Q data 

across the spectral line shape. The chapter compares them with the simulated data.  

Chapter seven is about spirane-d4. The line shape and the T1Z relaxation rates show the 

absence of the rotational motion.  

Chapter eight is the outlook chapter. The chapter talks about the 2H NMR experimental 

results and future directions.  
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CHAPTER 2. THEORETICAL BACKGROUND OF SOLID-STATE 2H NMR 
SPECTROSCOPY 

This chapter demonstrates how to interpret the solid-state 2H NMR spectra by 

introducing the related theories. The spectral analysis explained in the chapter applies to 

the molecular solids. However, the brief explanation for lipid case is also included for 

completeness. In the solid-state 2H NMR spectroscopy, the dominant quadrupolar 

interaction reports on the site-specific structure and dynamics in an orientation-dependent 

manner. The quadrupolar interaction is intramolecular. All the intermolecular interactions, 

such as dipolar interactions, can be neglected. Thus, the spectral analysis becomes very 

much simplified. Often spectral line shape indicates the types of motions present in the 

molecule. The following sections deal with the 2H solid-state NMR theories in detail.    
 
2.1 THEORIES IN SOLID-STATE 2H NMR SPECTROSCOPY 

We want to explain the quadrupolar interaction using basic quantum mechanical 

principles. The quadrupolar interaction depends on the averaged orientation of the principal 

axis of the EFG tensor as well as the amplitude of the fluctuation in the quadrupolar 

coupling  Hamiltonian. 

Solid-state 2H NMR quadrupolar echo spectra are classified into three different types 

based on the spectral line shape. The quadrupolar echo spectral line shape of the samples 

in a liquid form represents the first type. One only sees a single isotropic peak in the center 

of the quadrupolar echo spectral line shape because the molecules tumble fast in liquids so 

that the orientation dependence of the quadrupolar Hamiltonian averages to zero. Inside 

the liquid, all orientations are equally possible for the molecular orientation. The quadru-

polar echo spectral line shapes of the liquid crystals represent the second type. Depending 

on the temperature and composition, lipids can form liquid crystals.43-49 Furthermore, one 
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can deuterate the methylene segments of the lipids. In this case, one isotopically labels the 

lipid molecules to study the deuterated lipids using 2H NMR. The solid-state 2H NMR line 

shape then shows highly resolved quadrupolar splitting for each methylene segments. Fi-

nally, quadrupolar echo spectral line shapes of the powdered crystals represent the third 

type of the spectral line shapes, as shown in Figure 2.1.b.  The spectral line shape of the 

crystal is a subtype of the third type of the quadrupolar echo spectral line shapes. Further-

more, an example of the third type of the quadrupolar echo spectral line shape is that of the 

lipid dispersion sample.50 Because of the random orientation of the lipids in the sample, the 

resulting spectral line shape includes the powder pattern, where all orientations are possi-

ble. There are intra-molecular motions in the solid samples about the bond axis for the 

functional groups or the molecular symmetry axis. Due to such motions, usually the static 

or rigid lattice quadrupolar coupling, χQ, pre-averages to residual quadrupolar coupling, 

〈𝜒𝜒Q〉. From the third type of spectral line shape, one obtains the residual coupling parame-

ters, which are analogous to the static coupling parameters in 2H NMR. 
 

 
Figure 2.1. Random orientations of the power-type spectra show the principal values of 

the quadrupolar coupling tensor. (a). The systematic picture that shows the instantaneous 

orientation of the C‒D bond of the powder type sample, (b). and its resulting powder-type 

spectra. When the orientation of the C‒D bond is perpendicular to the main magnetic field, 
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the energy in the units of frequency that is required to cause the single quantum transitions 

between the energy levels are noted as Q v
  and Q v

 . Furthermore, the part of the figure 

where the frequencies are noted as Q v
  and Q v

  are called edges and shoulders, 

respectively. Reprinted with permission from Molugu, Lee, and Brown (2017). Copyright 

2017 American Chemical Society. 
 

There are two notable features in the powder-type spectral line shapes. The first feature 

is that the quadrupolar splitting frequency depends on the orientation of the principal axis 

of the coupling tensor. When the axis orientation is parallel to the main magnetic field, the 

quadrupolar splitting frequency is the highest. The equation that describes the frequency is 

then given by the following, Q Q3 2υ χ  . The Qχ  is the quadrupolar coupling constant 

and defined as 2e qQ h . Furthermore, if the deuterium being measured is part of the C‒D 

bond, it is found that the 𝜒𝜒Q  is 167 kHz. The formula for the quadrupolar splitting that 

includes the average colatitudal angle of the principal axis to the main magnetic field is 

  2
Q Q Q Q(3 2) 1 2 3cos 1υ υ υ χ θ      . Consequently, it follows that when the 

principal axis is oriented perpendicular to the magnetic field, the formula is then 

Q Q3 4υ χ  .  As noted earlier, the edge refers to the C‒D bond that is oriented 

perpendicular to the magnetic field. The second feature is that the intensity is the highest 

when the C‒D bond is oriented perpendicular to the magnetic field. The likelihood of the 

C‒D bond being oriented perpendicular to the magnetic field is the highest. The intensities 

are the highest at the edges of the spectral line shape. Finally, the powder-type spectra can 

be transformed so that the spectral line shape looks like the spectral line shape of the crystal. 

Such a process is called de-Paking and introduced by Myer Bloom and co-workers.51 More 

about the analysis and interpretation of the 2H NMR spectra are given later in this chapter.  
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2.1.1 FORMULATION OF QUADRUPOLAR COUPLING HAMILTONIANS FOR 2H NMR  

The line shape spectra of solid-state 2H NMR shows the equilibrium and dynamical 

properties of the molecule. The order parameter uses the time-averaged orientation of the 

molecule. In NMR, the energy of the nucleus depends on the magnetic as well as the elec-

tric interaction of the nucleus. Those interactions depend on the orientation as well as the 

time-averaged distance between the nucleus. Therefore, one needs a mathematical way to 

show orientation. The principal axis of the EFG points where the C‒D bond points and the 

principal axes move in the fixed molecular frame. However, the molecular and laboratory 

frame does not change with time.  Furthermore, after separating frames, one can easily 

define the angles between the frames. The angles do not change with time. The closure rule 

allows one to keep track of the changes in the frame mathematically. After applying the 

closure rule, one can easily rotate the coordinate systems with Wigner rotational matrices. 

In solid-state 2H NMR, one only needs to consider the quadrupolar interaction, which de-

pends on orientation.52-57  

The quadrupolar Hamiltonian can be formed using the irreducible tensor components 

in the spherical basis. Deuterium is a spin one nucleus, and we focus on the quadrupolar 

interaction only. Furthermore, the quadrupolar Hamiltonian is formed by the scalar product 

of the two irreducible tensor components. The first component depends on the spin state 

and the angular momentum of the nucleus. The second component is about the quadrupolar 

interaction between the nucleus and the chemical bond.58  The quadrupolar Hamiltonian 

reads: 

  
2

(2)lab (2)lab
Q Q Q

2

ˆ ˆ ˆ1T V m
m m

m
H C C T V


     .(2.1) 

where the circumflex (^) denotes that it is an operator. The CQ is the constant for the 
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quadrupolar coupling Hamiltonian. The (2)
m̂T  is the angular momentum vector operator in 

irreducible tensor representation in spherical basis. The ( 2 )
mV is the quadrupolar coupling 

operator in irreducible tensor representation in spherical basis. Furthermore, due to the sca-

lar product, the summation index m runs from -2 to 2. 

The nucleus has an angular momentum vector, which is quantized in the presence of 

the magnetic field. The magnetic field is defined in the laboratory frame, with axis X, Y, 

and Z. The irreducible tensor components are listed below,  

    2 lab
0

1ˆ ˆ ˆ ˆ ˆ3
6

I IZ ZT I I    (2.2 a) 

    2 lab
1

1ˆ ˆ ˆ ˆ ˆ3
2 Z Z ZT I I I I    (2.2 b) 

  2 lab
2

1ˆ ˆ ˆ
2

T I I    .(2.2 c) 

In the formula above, the definition of the ladder operator is used, ˆ ˆ ˆ
X YI I iI   . Further-

more, Î  is in the unit of ћ, and the relation between the two angular momentum operators 

are the following, ˆ ˆ /I J  . On the other hand, the principal axes of the quadrupolar cou-

pling operator are defined in the molecular frame with the coordinate axes, x, y, z, and the 

irreducible tensor components are given below: 58 

  2 PAS
0 Q

3
2

V δ  (2.3 a) 

  2 PAS
1 0V    (2.3 b) 

  2 PAS
2 Q Q

1
2

V δ η    .(2.3 c)        

In the equation above, the 𝛿𝛿Q = 𝑉𝑉�� is defined as 𝑉𝑉��, which is the principal value of the 

electric quadrupole tensor. Furthermore, the ηQ is called the asymmetry parameter of the 

quadrupolar coupling tensor and as defined as ηQ = (𝑉𝑉�� – 𝑉𝑉��)/ 𝑉𝑉��. The possible range for 

ηQ is [0,1]. There are three quadrupolar coupling parameters. First is CQ, which is defined 
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as 𝑒𝑒𝑒𝑒/2ћ, where Q is the quadrupolar parameter of the nucleus and e is the elementary 

charge. The second important parameter is the 𝜂𝜂Q. The third important parameter is 𝛿𝛿Q, 

which is equal to eq. The parameter q represents the distribution of the electron cloud and 

is applicable when the chemical groups around the nucleus lack cubic symmetry. Finally, 

if the distribution of the electron cloud around the nucleus has spherical symmetry, the q 

is equal to 0. 

The operator 𝑇𝑇�𝑚
(2)  is the spin angular momentum operator that depends on the spin 

operator �̂�𝐈  is defined in the laboratory frame. To define the quadrupolar coupling 

Hamiltonian in the laboratory frame one needs to do a change of coordinate system. First, 

the quadrupolar coupling operator tensor has a principal axis defined in the molecular 

frame. However, the spin operator tensor is defined in the laboratory frame. Therefore, one 

would transform the coordinates to get the irreducible tensor in the laboratory frame. The 

irreducible components of the quadrupolar coupling tensor operator then become the 

following, 

 
2

(2)lab (2)PAS (2)
PL

-2
( )m s sm

s
V V D Ω


   .(2.4) 

The Euler angle, ΩPL = (αPL, βPL, γPL), is used, and the P stands for the principal axis, and L 

stands for the laboratory axis. Furthermore, the definition of the Wigner rotational matrix 

is the following ( ) ( )( ) ( )j im j im
m m m mD e d eα γβΩ  
  .59 The previous definition follows the 

convention of the Brink and Satchler. Lastly, the Wigner matrix    '
j

m mD Ω  depends on the 

projection indices, (m´, m). Furthermore, in the Wigner rotation matrix, j is the principal 

quantum number. Finally, ( )(j)
m md β  is the reduced Wigner matrix elements.   

To understand the line shape of the solid-state 2H NMR experiment, one needs to solve 

the Hamiltonian of the deuterium nucleus. There are Zeeman and quadrupolar Hamiltonian, 
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 Q(2)lab (2) (2) (2)
Q Q Q 0 PL 2 PL 2 PL

ˆ ˆ( 1) ( ) ( ) ( )
6

m
m m m m

m
H C T D D D

η
δ Ω Ω Ω 

          
  .(2.5) 

The equation above is defined in terms of the Angular Frequency. Furthermore, one uses 

the high field approximation, where the separation between the energy levels due to the 

Zeeman interaction, Z 0 Z
ˆ ˆH B Iγ   , is much larger than the shift in the energy levels 

caused by the quadrupolar interaction. As a result, one only takes the secular term of the 

angular momentum tensor. This procedure is similar to applying the first-order perturbation 

theory in quantum mechanics. In the perturbation theory, the perturbing Hamiltonian com-

mutes with the main Hamiltonian. The Hamiltonian that describes the energy of the deu-

terium nucleus is given in the dimension of energy, 

 
2

Q2 2 (2) (2) (2)
Q Z 00 PL 20 PL 20 PL

ˆ ˆ ˆ(3 ) ( ) ( ) ( )
4 6

e qQH I D D D
η

Ω Ω Ω

          
 I  .(2.6) 

The eigenvalue depends on the spin projection operator. From the eigenvalue, one derives 

the frequencies, which appear in the spectral line shape. Again, the energy levels after the 

secular approximation depend on the projection numbers. 

The time-independent Schrödinger equation allows one to obtain the solution to the 

Hamiltonian equation above. Every spin state, ψ, has its associated spin projection angular 

number m. Moreover, the spin state I. Therefore, the eigenfunctions are written as follows 

|I, m〉, which uses the Dirac Bra-ket notation. Finally, the eigenvalues of the spin angular 

momentum eigenvectors are quantized in the units of  . The time-independent 

Schrödinger equation gives the following,  

 ˆ , ,mH I m E I m  .(2.7) 

In the equation above, the Hamiltonian equation is Z Q
ˆ ˆ ˆH H H    , and the Zeeman 

Hamiltonian is  Z 0 Z
ˆ ˆH B Iγ   . Eigenvalues of the operators 2Î and ZÎ  are, 
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 2ˆ , ( 1) ,I m I I I m I  (2.8 a) 

 Z
ˆ , ,I I m m I m  .(2.8 b) 

Therefore, one can derive the energies of the deuterium nucleus based on the Zeeman 

and quadrupolar interactions,  

 
2

Q(2) (2) (2)
1 0 00 PL 20 PL 20 PL( ) ( ) ( )

4 6
e qQE B D D D

η
γ Ω Ω Ω 

               
  (2.9 a) 

    
2

Q(2) (2) (2)
0 00 PL 20 PL 20 PL( )

2 6
e qQE D D D

η
Ω Ω Ω

              
        (2.9 b) 

 
2

Q(2) (2) (2)
1 0 00 PL 20 PL 20 PL( ) ( ) ( )

4 6
e qQE B D D D

η
γ Ω Ω Ω 

              
  .(2.9 c) 

In the energy equations above, the first term, Em = 0B mγ  , includes the Zeeman 

interaction, which is defined by the following equation. What is added to the Zeeman term 

is the quadrupolar term. The term is about electric quadrupole of nucleus interacting with 

the electric field gradient of the chemical bond. The required frequency to cause the 

transition between the energy levels is written as the following, E−1 − E0 = hυ+ and E0 − E+1 

= hυ−. The transition only considers the single quantum transition (∆m = ±1) between the 

energy levels. Furthermore, one applies the Bohr frequency condition in order to calculate 

the frequency, 

            2 2 2
Q Q 00 PL 20 PL 20 PL

3
4 6

Q
-D D D

η
ν χ Ω Ω Ω

           
 .(2.10) 

In the equation above, the χQ = e2qQ/h  is the quadrupolar coupling constant with the 

equation, (2)
00 PL( )D Ω . The previous equation is the same as P2(cos θPL), which is the second-

order Legendre polynomial, which depends on the colatitude angle of the principal axis in 

the laboratory frame. Finally, the equation for the Larmor frequency is the 0 0Bω γ  .  
 
2.1.2 NUCLEAR SPIN DYNAMICS  

Precession of the magnetic moment of the nucleus about external static magnetic field 

is called Larmor precession. For a spin I = ½ nucleus, both spin-up and down orientations 



38 
 

 

of the angular momentum precess about the laboratory Z-axis. The materials in this chapter 

are relevant because the spin density matrices explain the NMR pulse sequences used for 

selective excitation experiments.  

Density Matrix Formalism 

Deuterium nucleus has three spin states, nΦ  =  1 , 0 , 1  . One describes the 

states of the deuterium nuclei as a linear combination of the spin states, 

 
3

1

niE t
n n

n
c eψ Φ 


   and 

3
*

1

niE t
n n

n
c eψ Φ


    .(2.11) 

using the Dirac bra-ket notation. The overbar means ensemble averaging. The energy state, 

En, corresponds to the spin state nΦ . One can calculate the populations according to the 

formula 2*
i i ic c c , where *

ic  is the complex conjugate of ic . The populations 2
ic  always 

add up to one. The *
m nc c  are the non-diagonal elements of the matrix, σ̂ . Appendix F 

shows how the non-diagonal elements change with time when there is no applied pulse. 

From the spin density matrix, one can see what is happening to the magnetization vector 

of the nuclei. For example, for spin 1, the spin density matrix is a 3x3 matrix. Because the 

deuterium nucleus has three states. According to Levitt, the density matrix ρ̂  for a spin I 

= 1 can also be written as:60 

 
1 0

1 1

0 1

1 21

1 10
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ρ  .(2.12) 

Furthermore, one makes two assumptions. The first assumption is that, in the thermal 

equilibrium, there are only diagonal elements of ρ̂ ,  
 1n

n
ρ   (2.13 a) 

    1 0 1
1 1 11 1
3 3 3

,      ,      B Bρ ρ ρ      .(2.13 b) 
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The second assumption is that the diagonal elements follow the Boltzmann distribution at 

equilibrium. In the equation above, the symbol B is defined as B = 0 Bk Tγ B . The |𝑩𝑩0| 

is the strength of the magnetic field, γ is the gyromagnetic ratio of the deuterium nucleus, 

and kB is the Boltzmann constant. Therefore, in the following equation, the eqρ̂  represents 

the spin density matrix operator at the equilibrium, 

 eq 1 1ˆ ˆˆ B
3 3

I z  Iρ , where 
1 0 0

ˆ 0 0 0
0 0 1

z

 
 
 
 
  

I  .(2.14) 

Furthermore, while the strong pulse is applied, the Hamiltonian of the nucleus is the 

following,  

     RF RF X p Y p
1ˆ ˆ ˆsin cos sin
2

H Bγ θ φ φ  I I  .(2.15) 

where 𝜙𝜙𝑝 is the phase of the pulse.60 The symbol θRF denotes the angle between the probe 

and the main magnetic field. If the NMR experiment is not the magic angle experiment, 

the angle is 𝜋𝜋 2⁄ . Direct integration of the time-dependent Schrödinger equation, 

ˆ
i iH i tΦ Φ   , gives the new eigenstate  p

ˆ= R xψ β ψ
 

, where 

  X p
ˆ

pR̂ i
x e ββ  I . The ψ

  and ψ
 are the eigenstates before and after the pulse, and 

the βp is 1
RF RF p2 sinBγ θ τ . In the rotating frame, the spin density operator changes during 

the 90o pulse. Multiplying one eigenstate to the conjugate of another eigenstate gives the 

matrix elements of the spin density operator. Therefore, the spin density operator also 

changes during the pulse, pτ , 

    p x p
ˆ ˆˆ ˆ= R Rx β βρ ρ   .(2.16) 

Furthermore, the spin density matrix immediately after the 90o pulse, or at the time , 

is given in Eq. (2.22). Therefore, using the Schrödinger equation and the spin density 

matrix, it is possible to see how the magnetization vector changes with time. Sub-section 
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2.2.2 shows how the spin density matrix changes during the quadrupolar echo pulse 

sequence.  
 
2.1.3 ELUCIDATION OF SOLID-STATE 2H NMR LINE SHAPES OF A POWDER-TYPE 
SOLID SAMPLE 

The NMR spectral line shapes give the time-averaged information about the motion.  

This subchapter is about interpreting the separation of quadrupolar frequencies in the solid-

state 2H NMR spectrum. The quadrupolar splitting gives an angle between the rotational 

axes. As an example, the 2H NMR of the lipid bilayer allows one to obtain the area per 

lipid, 〈𝐴𝐴〉.61 The paper by Petrache et al. introduces the mean-torque model and defines two 

coordinate transformations.62 Separating the lipid segmental motions from the director 

motions, one can project the segmental area onto the bilayer surface and calculate 〈𝐴𝐴〉. 

The solid-state 2H NMR spectral line shape reveals the molecular motions of the 

various time scale. One obtains the residual quadrupolar coupling (RQC). The RQC is the 

result of the rotation, which changes the orientation of the C‒D bonds in the molecule. 

Rotation averages the value of the static quadrupolar constant. On the other hand, 

fluctuations in the quadrupolar coupling tensor cause relaxation. From the measurement of 

RQC, one obtains the information on the molecular motions. For example, one obtains the 

motional amplitude and the average orientation of the segmental motions of the lipid 

membrane.48, 63-67 

Quadrupolar Couplings in Deuterium NMR Are Related to Molecular Geometry  

In the above Eq. (2.10), one can evaluate the Wigner rotational matrix elements to ob-

tain the following formula, (2) (2) 2
20 20( ) ( ) 3 / 2 sin cos(2 )D D β αΩ Ω

    , which depends on 

the Euler angle. Finally, the quadrupolar splitting becomes the following,  
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 Q Q Qν ν ν∆     (2.17 a) 
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 .(2.17 b) 

The above equation can be further simplified by making ηQ ≈ 0, which is applicable when 

the electric field gradient around the nucleus is elliptical. The simplification is valid when 

the deuterium nucleus is part of the C‒D bond: 

 (2)
Q Q 00 PL

3 ( )
4

Dν χ Ω    .(2.18) 

Using the above expression, one writes the quadrupolar splitting frequencies, 

  2
Q Q 00 PL

3 ( )
2

Dν χ∆ Ω  (2.19 a) 
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PL
Q

3 3cos 1
2 2

βχ
     

 .(2.19 b) 

Therefore, the quadrupolar splitting frequency can be measured from the solid-state 2H 

NMR spectral line shape. So, the frequency depends on the Euler angle, which is time-

averaged. 

To gain some physical feeling about the equation introduced above, one can picture the 

following. First, imagine a crystal without any molecular motion. The crystal is different 

from a polycrystalline sample. All the molecules in the crystal have one orientation. Fur-

thermore, to simplify the imagination, one considers the case when the EFG around the 

nucleus has axial symmetry. So, one sets the asymmetry parameter as zero. First, one ori-

ents the principal axis of the C‒D bond of the molecule in the crystal so that the axis coin-

cides with the magnetic field, which is parallel to the z-axis of the laboratory frame. Sec-

ondly, we can rotate the crystal in a 3‒D manner.  When we rotate the crystal, we try all 

possible angles. When one records the spectral line shape with the crystal oriented in cer-

tain ways, one can get the principal axes from the spectral line shape.58  When the C‒D 
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bond axis coincides with the magnetic field,  the principal value, 𝑉𝑉��, is the largest. In that 

case, the Eq. (2.19), which is Δ𝜈𝜈Q = (3 2⁄ )𝜒𝜒Q where χQ = 167 kHz, gives the splitting.  

Now we start to rotate the crystal by the Euler angle αPL, which has the same direction as 

the azimuthal angle φ. However, because of the elliptical EFG around the deuterium nu-

cleus, the rotation about the z-axis does nothing. Now we can rotate the molecule about the 

y’ axis by the Euler angle βPL. When the rotation angle is 54.7o, or so-called the magic 

angle, the quadrupolar splitting becomes zero. Finally, one can further rotate the crystal so 

that βPL = 90o, then the value now becomes Δ𝜈𝜈Q = −(3 4⁄ )𝜒𝜒Q. Lastly, the rotation about 

the Euler angle γPL does nothing because, as mentioned earlier, the rotation about the mag-

netic axis did nothing or that ηQ = 0. Therefore, using imagination, I showed that the single 

quantum transition frequency depends on the angle between the principal axes and the la-

boratory axes, which is described in Eq. (2.18).   

In the lipid bilayer in the liquid crystalline phase, each lipid molecule rotates. The ob-

servables obtained using the solid-state 2H NMR are due to the axial averaging. Therefore, 

from the deuterated lipid segments, one obtains the residual coupling constants, which are 

different from the static coupling constants, for each deuterated lipid segments. However, 

the transformation procedure is identical. From the aligned sample, one obtains principal 

values of the quadrupolar coupling tensor for each segment. Finally, the angle is time-

dependent.  

The above illustration used the crystal with only one orientation. However, in solid-

state 2H NMR, it is more likely that one encounters the polycrystalline sample. As a result, 

the spectral line shape of the polycrystalline sample is that of the crystal sample after taking 

the average with spherical angles. From the spectral line shape of the powder-type sample, 
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one can read off the principal values of the quadrupolar coupling tensor. In the Pake pattern, 

there are the spectral discontinuities, which gives the principal values. Grounded crystal 

yields the polycrystalline sample.58 However, the drawback of the polycrystalline sample 

is that the orientation of the principal axis system (PAS) of the quadrupolar tensor is lost 

within the crystal. 

So, the solid-state 2H NMR of the powder pattern shows the averaged structural 

property and the motions. For the lipid molecules in the liquid crystalline phase, there is a 

motional averaging. There is an axial averaging for the lipid molecules about their 

symmetry axis, which is also called as the director axis.  The transformations under 

rotations are most readily handled under the irreducible tensor calculus. Furthermore, there 

is a powerful property in the group theory called closure. What closure says is that the 

overall transformation is equal to the outcome of the sequence of transformations. 

The way that the fluctuations in the quadrupolar coupling tensor are affecting the spec-

tral line shape is the following. It was mentioned earlier that the obtained RQC reflects the 

time-averaged orientation of the quadrupolar coupling tensor. The RQC is obtained from 

the quadrupolar splitting frequency.68 Any motion with the time-scale faster than the static 

quadrupolar coupling, therefore, affects the frequency, which is given in Eq. (2.19 a)  after 

making ηQ = 0.  Therefore, any motions that are faster than the millisecond are responsible 

for the formula below,   

  2
Q Q 00 PL

3 ( )
2

Dν χ∆ Ω  .(2.20) 

In the equation above, the angular bracket shows that one considers the time-averaged 

angle between the principal axis and the magnetic field. Therefore, one does not use the 

Euler angle that describes the instantaneous structure. Furthermore, the equation covers the 
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two transitions between the three energy levels. 

As an example, one can examine the quadrupolar splitting frequency of the deuterated 

hexamethyl benzene (HMB-d18). The quadrupolar splitting frequency between the edges 

(θ = 90o) of the spectral line shape of the HMB-d18 is 18 kHz, which is much less than the 

static quadrupolar splitting frequency. The static quadrupolar splitting frequency is about 

[−3𝜒𝜒Q 4⁄  = 127.5 kHz]. The reason why there is a big discrepancy is that when the motion 

is included, the quadrupolar splitting frequency equation says that the frequency is 

decreased by some factors. As mentioned earlier, the factors are determined by the angle 

between the principal axis and the laboratory frame. At this point, one utilizes the power 

of the closure property. What is said earlier is that closure property is the result of the two 

coordinate transformations. Due to the property, the second-order Legendre polynomial is 

the contraction of the two second-order Legendre polynomials. Furthermore, one applies 

the time-averaging to the second-order Legendre polynomial as well as the contraction of 

the second-order Legendre polynomials. As a result of this closure property, one can simply 

calculate the second-order Legendre polynomials with time-averaged angles. The time-

averaged angles give the factors that one can use. First, the angle between the hexad axis 

and the methyl axis is 90o. Applying that to the Wigner rotational matrix then yields the 

factor of two because 21),0,900( ooo(2)
00 −=D . Furthermore, the angle between the 

chemical bonds in the tetrahedron is 109.5o. One substitutes the angle to the Wigner 

rotational matrix to get that 31),0,109.50( ooo(2)
00 −=D . Indeed, multiplying those factors 

to the static quadrupolar coupling constant then yields the 18 kHz, which is the 

experimentally obtained value from the solid-state 2H NMR spectral line shape of the 

HMB-d18. The hypothetical spectral line shape showing the effect only due to the hexad 
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rotation and the methyl and hexad motions are shown in Figure 2.3.c. For example, Figure 

2.3.b shows the effect of the hexad rotation only. Secondly, Figure 2.3.c. shows the effect 

of the methyl and hexad rotation. 
 

 
Figure 2.2. Spectral inequivalence is shown in the spectral line shape. This inequivalence 
shows the difference in the motional mobility between the HMB-d18 and the PMMA-d8. 
The figures show (a). the spectral line shape of the HMB-d18, and (b). that of the PMMA-
d8. In the second figure, one sees the effect of the –C2H3, which has a three-fold axis of 
rotation as well as the effect of –C2H2–, which has no motion and quadrupolar splitting 
frequency three times larger than the former. Reprinted with permission from Molugu, Lee, 
and Brown (2017). Copyright 2017 American Chemical Society. 
 

The second example is the spectral line shape of the PMMA-d8. What is shown in 

Figure 2.2.b. is the spectral line shape of the polycrystalline PMMA-d8. In the spectral line 

shape, one sees the quadrupolar splitting due to the –C2H2– groups. The methylene group 

18 kHz 

36 kHz 
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is responsible for the edge (θ = 90o) in the spectral line shape with the quadrupolar splitting 

value of 127 kHz. Furthermore, what is also evident in the spectra line shape is the 

shoulders of the methylene groups. The shoulders are responsible for the (θ = 0o) 

orientation of the methylene groups. In that case, the quadrupolar spilling value can be 

calculated as 3𝜒𝜒Q 2⁄  = 255 kHz. Finally, from the spectral line shape, one gets the residual 

coupling tensors, which are less than the static quadrupolar coupling tensors. Finally, the 

obtained tensor value is called effective splitting values. The effective splitting value 

happens after motional averaging. The motions are fast. Unless there are no motions in the 

molecules, one always obtains the effective quadrupolar splitting frequency from the 

spectral line shape. Finally, it is hard to make rotational motions in molecules go away.   

 

 
Figure 2.3. The spectral line shape for the HMB-d18. The static spectral line shapes are in 
the right. (a). One sees from the spectral line shape that is only due to the benzene ring 
rotation (b). Secondly, one sees the spectral line shape due to the methyl rotation (c). 
Combined effect. The quadrupolar splitting frequency between the edges is due to the 
deuterated HMB that are in the θ = 90o orientation. Finally, one sees that due to the three-
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fold rotation in the methyl group, the quadrupolar frequency decreased by a factor of three. 
Figure adapted with permission from Ref.69 

 

Lastly, due to the tetrahedral angle, 109.5o, one can see that the quadrupolar coupling 

constant decreases by a factor of 3, ( −3𝜒𝜒Q 4⁄ )  (–1/3) = 42.5 kHz. The experimental 

spectra for HMB-d18 are shown in Figure 2.2.b.  Furthermore, if the methyl axis were to be 

parallel to the magnetic field, then the splitting becomes the following, –χQ/2 = –85.0 kHz. 

Finally, from the spectral line shape, one finds about the information on the molecular 

mobility and average orientation, which one cannot tell from the structure only. 
 

2.2 METHODS IN 2H NMR SPECTROSCOPY 

Based on the quadrupolar splitting in the observed solid-state 2H NMR spectra, one can 

find the dynamics of the rotational motion. For axially symmetric systems, the quadrupolar 

splitting decreases by a factor, which depends on the angle between the two rotational axes. 

This chapter shows how to obtain the quadrupolar echo spectra. 
 
2.2.1 EXPERIMENTAL SETUP 

The section shows how to set-up the solid-state 2H NMR experiments.  The section 

introduces experiments, which were used to find the parameters mentioned with regard to 

the applications summarized above.  

 
Figure 2.4. Figure that shows the transverse solenoidal coil of the solid-state NMR probe. 
The right-hand rule says if the current inside the coil is going to the right, then the magnetic 
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field inside the probe points to the right. Figure provided by courtesy of Jake Kinnun. 
 

As depicted in the Figure 2.4., the NMR coil (18 gauge thickness magnet wire) 

involves four turns so that the coil comes out of the probe from the rear left and goes back 

into the probe in the front right. The coil was an 8-mm diameter by 30 mm long horizontal 

solenoid radio frequency coil of a home-built high-power 2H NMR probe, which gave a 

4.3 μs 90° pulse at 76.77 MHz. The separation between the coils was about the same as the 

width of the coil. The inner diameter of the coil was wide enough to hold 8-mm O.D. glass 

tubes. Finally, a Bruker AMX-500 spectrometer (11.7 T) was used to record the spectra.  

The quadrupolar-echo pulse sequence used to measure the solid-state 2H NMR spectra is 

the following: o o90 90 acquirex yτ τ    . The typical settings for acquiring 2H NMR 

spectra using the quadrupolar echo sequence were the following. The d1 or the interpulse 

delay was in between 100 and 500 ms, the d6 or the time delay between the two 90o pulses 

of the quadrupolar echo pulse pair was in between 40 and 70 μs, and the length of the 90o 

pulses was 4.3 μs. Furthermore, finding the exact length of the 90o pulse was necessary. A 

series of line shape experiments were performed to find the pulse time, which yielded the 

maximum intensity. Finally, the obtained line shape spectra were processed and compared 

with the simulated spectra. 

The procedure to find the angular dependence of the relaxation rates were the following. 

The angular dependence study applied to powder type samples, which had the Pake pattern 

in the 2H NMR spectrum. A MATLAB script, which was given in CODE1 of appendix A, 

calculated ten different frequencies from frequency splitting between the edges. Each angle 

matched to a frequency position in the spectral line shape. Therefore, the angular 

dependence study studied the relaxation rates across the quadrupolar echo spectrum. 
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Section 3.3 gave more information about the script. The central idea was that the deuterium 

nucleus, which its molecular symmetry axis had a certain orientation to the magnetic field, 

was responsible for the different parts of spectral line shape.  
 
2.2.2 THE T1Z, T1Q, AND QUADRUPOLAR ECHO PULSE SEQUENCES IN 2H NMR 
SPECTROSCOPY 

The conditions in this paragraph apply to all the experiments. The time between each 

repetition, also called d1, is long enough to make the nuclear magnetization to go back in 

its equilibrium state. Furthermore, one cycles the phase in an NMR experiment to eliminate 

the spectral artifacts and minimize the noise.70  

Quadrupolar echo 

The following pulse sequence is used to acquire the line shape spectrum in 2H NMR 

spectroscopy:  
 o o90 90 acquirex yτ τ     .(2.21) 

As shown in the sequence above, in the quadrupolar echo experiment, the two pulses that 

are 𝜋𝜋 2⁄  or 90o long are given with the time interval 𝜏𝜏 in between. The relationship between 

the angle, pβ , and the pulse duration, pτ , is given by the equation, pβ , which was defined 

in 2.1.2. Furthermore, the two pulses have different phases to each other. The first pulse 

causes a free induction decay (FID). The quadrupolar echo pulse sequence is necessary for 

2H NMR experiment because the decoherence occurs very rapidly in the transverse plane, 

and it is difficult to record the FID right after the first pulse. The value of 𝜏𝜏 is set as small 

as possible so that the T2 effects or decay in the spin coherence do not decrease the signal. 

The role of the second pulse is to refocus the FID. Refocusing the FID means it reappears 

after the time 𝜏𝜏 after the second pulse. The echo is necessary because one needs the signal 
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to reappear in the sample before the probe is ready to collect the FID. The spectrometer 

switches from the transmitting mode to the acquisition mode during the dead time, and 𝜏𝜏 

is longer than the dead time. The pictorial representation of the pulse sequence is given 

below.  

 
Figure 2.5. Quadrupolar echo pulse sequence. Free induction decay (FID) occurs after 
each radiofrequency pulse, where the first one occurs immediately. The first decay is hard 
to detect due to the deadtime. Hence the second pulse is used to refocus the FID at a later 
time. From Levitt M. H., Spin Dynamics : Basics of Nuclear Magnetic Resonance, 2nd 
Edition. Copyright © 2013 by John Wiley Sons, Inc. Reprinted by permission of John 
Wiley & Sons, Inc. 
 

In sub-section 2.1.2, the spin density matrix was introduced. Using the matrix relevant 

for the spin = 1 nucleus, one obtains the spin density matrix right after the 90o pulse, 

 

11 0
2

1 1 1ˆ 1
3 2 2

10 1
2

i B

i B i B

i B

 
 
 
 
   
 
 
   

ρ  .(2.22) 

After the first pulse, the off-diagonal elements of the spin density matrix elements change 

with time,  

       exp
rs q rs q rs qrs rs rsp b p a pt t iρ ρ λ τΩ   .(2.23) 

where 
rs qrspΩ can either positive or negative depending on the spin-state. Appendix F lists 

the phases of the spin density matrix elements that are introduced. The value of λ is equal 
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to 1
2T  . At the time , a time τ  after the pulse, the off-diagonal matrix elements in Eq. 

(2.22) becomes the following, 

 
 1
Q

0 0 0
1ˆ exp 1 0 1

23 2
0 0 0

i
t i B

ω τ
                 

ρ  

 
 1
Q

0 1 0
1 exp 0 0 0

23 2
0 1 0

             
i

i B
ω τ

                

 .(2.24) 

One can then group the off-diagonal spin density matrix elements. The elements change 

the same way with time. At the time , the spin density changes with another 𝜋𝜋 2⁄  pulse 

according to    ˆ ˆˆ ˆ2 2R Ry yπ π ρ ρ  . Examining the two matrices separately, one 

obtains the following result, 

    
0 0 0 0 1 0

ˆ ˆ2 1 0 1 2 0 0 0
0 0 0 0 1 0

R Ry yπ π
      
     
         

 (2.25 a) 

 

    
0 1 0 0 0 0

ˆ ˆ2 0 0 0 2 1 0 1
0 1 0 0 0 0

R Ry yπ π
      
     
         

 .(2.25 b) 

The matrix multiplications give the results above. The  R̂ y β  is defined as the following, 

  
   

   

2 1 2 2

1 2 1 2

2 1 2 2

cos 2 2 sin sin 2
ˆ 2 sin cos 2 sin

sin 2 2 sin cos 2
R y

β β β
β β β β

β β β



 



  
   
  

 .(2.26) 

Earlier, I grouped the off-diagonal spin density matrix elements together. The critical 

result is that one group becomes the other after the multiplication. The matrix elements of 

the group have the same phases. After the second pulse, at the time  in Figure 2.5., the 

spin density matrix elements are listed below,  

  
1

1
1 , Q

1 1exp
23 2

i B iρ ω τ


 
       (2.27 a) 
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1
1 , Q

1 1exp
23 2

i B iρ ω τ


 
       .(2.27 b) 

Finally, after another duration of τ, at the time , the spin density matrix becomes the 

following,  

  
1 1

1
1 , 1 , Q

1 1exp
2 3 2

i i Bρ ρ ω τ
  

 
         (2.28 a) 

  
1 1

1
1 , 1 , Q

1 1exp
2 3 2

i i Bρ ρ ω τ
  

 
         .(2.28 b) 

One sees that at time 𝜏𝜏, after the second pulse, an echo is formed whose off-diagonal 

elements are identical to that of the state immediately following the first pulse. Because 

the off-diagonal elements are the same, the spin density matrix ρ̂ at the time  is equal 

to ρ̂  at the time . The application of the second pulse makes the non-diagonal spin 

density elements evolve with time in the opposite sense than the non-diagonal elements 

after the first 𝜋𝜋 2⁄  or 90o pulse.  

The previous paragraphs show the change in the spin density matrix. After the pulse, 

the spin density matrix predicts the NMR output. The output of the NMR experiment is the 

FID, which is an oscillating wave and exponentially decays within 20 μs typically for solids. 

The FID is Fourier transformed using a MATLAB script by adjusting the parameters such 

as phase angle, line broadening, and echo top. When choosing the phase, one examines the 

baseline. At both ends of the spectra, the intensities should be almost zero. The same line 

broadening was used to process all the samples. Increasing the line broadening elevates the 

center of the spectra, decreases the intensity around the edges, and broadens the spectra. 

Choosing the echo top before the top of the quadrupolar echo increases the intensities at 

the baseline. Finally, one changes the center of the graph to make both edges appear at the 

same frequency. 



53 
 

 
 

Inversion Recovery and T1Z Relaxation Time Measurement 

The pulse sequence for the inversion recovery experiment is the following:  
 o o o

1 2180 90 90 acquirex x yτ τ      .(2.29) 

Using the example of a spin ½ nucleus, in the inversion recovery pulse sequence, one 

measures the change in the populations of the spin-up and spin-down or |𝛼𝛼⟩ and |𝛽𝛽⟩ spin 

states. The difference in the populations between the spin-up and down states is related to 

the z-component of the nuclear magnetization vector. Therefore, there is more population 

of spin-up than down at equilibrium, and the NMR probe can detect the magnetization 

vector. The first 180o pulse changes the direction of the nuclear magnetization vector to 

point in the opposite direction. After the first pulse, 180o, population inversion takes place. 

During τ1 the magnetization vector returns to its equilibrium state. Notice that the second 

half of the pulse sequence is the quadrupolar echo pulse sequence, which monitors the z-

component of the magnetization of the nucleus. The number of delays determines how 

many line shape spectra one acquires for the inversion recovery experiment. Finally, for 

the spin-lattice T1Z relaxation time for each of the spectral lines, the intensity versus delay 

data are fit to the following equation,  

    1
z 0 1 t TM t M eκ    .(2.30) 

Here the value of 𝑀𝑀�(𝑡𝑡) is the z-component of the nuclear magnetization at time t, and the 

value of M0 is the nuclear magnetization at the equilibrium. The inversion recovery 

experiment shows the change in the spin density matrix elements,   1 1zM t ρ ρ   , and 

thus shows the change in the z-component of the nuclear magnetization. The value of κ is 

the inversion coefficient and it is between 1 ≤ 𝜅𝜅 ≤ 2. The value of κ is close to two for the 
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ideal 180o pulses. In the above expression, the symbol T1 indicates the spin-lattice (T1Z) 

relaxation time. 

Jeener-Broekᴂrt and T1Q Relaxation Time Measurement 

The broad-band Jeener‒Broekᴂrt pulse sequence is used for the quadrupolar-order T1Q 

experiments.71 During the delay τ1 the quadrupolar and the double quantum relaxation takes 

place. The T1Q experiment allows one to observe the relaxation of the quadrupolar spin 

order, 
 o o o o o o

1 2135 90 45 135 90 45 acquirex x x y y yτ τ         .(2.31)   

Following the creation of the quadrupolar order, the relaxation occurs during the τ2 interval. 

The Jeener-Broekᴂrt pulse experiment allows one to measure the decay in the quadrupolar 

order of the spin density matrix elements,   1 0 12Q t ρ ρ ρ    .72, 73  

In the end, the various relaxation rates are the linear combination of the spectral 

densities as summarized by Table 2.1. The spectral densities, 𝐽𝐽𝑚(𝜔𝜔0), measure the strength 

of the molecular motions at the Larmor frequency and 𝐽𝐽2(2𝜔𝜔0)  at twice the Larmor 

frequency. The spectral density 𝐽𝐽0(0)  corresponds to the static or zero-frequency 

component. Because the NMR experiments give the relaxation time, one compares them 

to the theoretical values. Theory predicts the spectral densities, which are part of the 

relaxation times, as shown in Table 2.1. 
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Table 2.1.Observable relaxation rates for nuclear quadrupolar interaction.  
Relaxation rate Relaxation time Spectral densities 

1ZR  1Z1 / T  ( )2 2
Q 1 0 2 0

3 ( ) 4 (2 )
2

J Jπ χ ω ω+  

1QR  1Q1/ T  
2 2

Q 1 0
9 ( )
2

Jπ χ ω  

2R  21 / T  2 2
Q 0 1 0 2 0

3 3 5(0) ( ) (2 )
4 2 2

J J Jπ χ ω ω + + 
 

 

2QR  2Q1/ T  2 2
Q 0 1 0 2 0

3 3 1(0) ( ) (2 )
4 2 2

J J Jπ χ ω ω + + 
 

 

2DR  2D1/ T  ( )2 2
Q 1 0 2 0

3 ( ) 2 (2 )
4

J Jπ χ ω ω+  
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CHAPTER 3. RELAXATION IN NMR 

This chapter gives the theoretical explanation of how nuclear spin relaxation is caused 

by the molecular motions. The spin-lattice relaxation refers to a component of the 

magnetization vector returning to its equilibrium with its surroundings. The nucleus is 

subjected to the constant external magnetic field, and the resulting nuclear magnetization 

vector is parallel to the main magnetic field. The molecules moving in the timescale of 1/ω0 

causes the nuclear magnetization to relax back to the equilibrium state. At equilibrium, the 

z-component of the nuclear magnetization is 1 1ZM ρ ρ   , where the populations are 

defined in (2.13). For example, in spin ½ systems, there are two spin states, spin-up and 

down. Within the magnetic field at equilibrium, more spins are in the spin-up state, which 

requires lower energy. If one made the spin-down more populated, after some time, there 

would be fewer spin-down states and more spin-up states as the system relaxes back to 

equilibrium. The rate of change in this spin states is the relaxation rate.  
 

 
Figure 3.1. The illustration shows the concept of autocorrelation. The graph shows as the 
time τ increases, the autocorrelation also decreases because generally, the value at time t+τ 
is different from that of time t. From Levitt, Spin Dynamics : Basics of Nuclear Magnetic 
Resonance, 2nd Edition. Copyright © 2013 by John Wiley Sons, Inc. Reprinted by 
permission of John Wiley & Sons, Inc. 
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Molecular motions change the orientation of the chemical bond and correspondingly 

the electric field gradient (EFG) experienced by the deuterium nucleus. The amplitude of 

the fluctuations within a given timescale can be characterized using the correlation function, 

which is ( ) ( )(2) (2)
0 ' PL 0 PL, ,m mD t D t τΩ Ω − .  In addition, one needs to subtract the squared 

average value to obtain the mean-square fluctuations. The correlation function 

characterizes the orientations of the quadrupolar coupling tensors at two different times, 

which become increasingly different when the interval between the two times, τ, is longer 

The correlation function depends on the choice of a model, which describes the motion. 

Furthermore, as introduced in sub-section 2.1.1, the spin angular momentum operator is in 

the laboratory frame, while the EFG is in the molecule-fixed principal axis system (PAS). 

Therefore, it is important to rotate the PAS to the laboratory frame when formulating the 

quadrupolar Hamiltonian. In this way, the irreducible correlation functions in the 

laboratory frame thus read: 
(2)lab (2)lab (2)lab (2)lab

2(2)PAS
0

( ) ( )
( )                                    

m m m m

m

V t V V t V
G t

V

τ   − ∗ − −   = (3.1 a) 

 ( ) ( ) ( ) ( ) ( )
22 2 ( 2)

0 PL 0 PL 0 PL, ,            m m mD t D t Dτ= Ω Ω − − Ω  (3.1 b) 

 
( ) ( )(2)PAS (2) (2)lab (2)PAS (2) (2)lab

0 0 PL 0 0 PL

2(2)PAS
0

, ,m m m mV D t V V D t V

V

τ   Ω − ∗ Ω − −   =  .(3.1 c) 

Here the angular brackets indicate that the orientation of the quadrupolar coupling tensor 

is time or ensemble-averaged. However, in going from the first line to the second, one 

restricts oneself to the secular term,      2 PAS 2
0 0 PL,mV D tΩ , in the coupling Hamiltonian. Then, 

       2 lab 2 PAS 2
0 0 PL=m mV V D Ω  is used going from the second line to the third. Finally, as 

mentioned after Figure 3.1., only the time interval between the two points characterizes 
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the change of orientation.  

The Euler angles,  PD tΩ , which describes the orientation of the PAS within the 

director frame, give the molecular motion, which causes the nuclear spin relaxation.  As a 

result, the irreducible correlation functions read: 

            
222 2

0 PL 0 PL 0 0m m m m mG t D D g tδΩ Ω
 

  
 

 (3.2 a) 

   00m mG t g t   .(3.2 b) 

In the above expression, the 𝑔𝑔0𝑚(𝑡𝑡) are the reduced correlation functions for different 

values of the m projection index. Furthermore, as shown in Eq. (2.20), the spectral line 

shape gives the order parameter,    2
00 PDD Ω , as an experimental observable.  

In the derivation below, using the closure property of the rotation group, one separates 

the time-dependent and time-independent parts of the coupling leading to the irreducible 

correlation functions. Due to the closure rule, there is a summation sign with indices from 

−2 to 2 whenever there is a coordinate transformation. As a result, one obtains the 

correlation functions (or the spectral density functions; see below) in the director frame. In 

the correlation functions, 𝐺𝐺𝑚(𝑡𝑡), below, the symbol βDL is the angle between the main 

magnetic field B0 and the director (or molecular) axis. As shown in Figure 3.2., in a powder 

type samples, all angles βDL, which is θ, are possible, 

                 2 2 22 2 2dir dir
DL 0 DL 0 1 DL 1 DL 1,m m m mG t d G t d d G tβ β β β

       

          2 22 2 dir
2 DL 2 DL 2                   m md d G tβ β

      .(3.3)  

In the axially symmetric system, only two angles are needed to describe the rotation 

from the EFG to the laboratory frame. As described in Figure 3.2., the Euler angle βPD and 

angle θ describe the rotation. Only two angles describe the coordinate transformation 

because one does not need to think about some angles such as 𝛾𝛾��. The red cylinder in 
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Figure 3.2., which shows the PAS, can rotate about its long cylinder axis by γPD. Because 

the cone is axially symmetric, and the distribution of quadrupolar coupling tensor is equal, 

and the rotation by γPD is immaterial. 

 
Figure 3.2. Two coordinate frame transformations of an axially symmetric system. In the 
laboratory frame, (θ, φ) are the spherical coordinates that describe the z-axis of the director 
frame with respect to the external B0 magnetic field (left). The principal axis system (PAS) 
is rotated to the director frame by the Euler angles,  PD PD PD PD, , α β γΩ   (right). In αPD, 
the P stands for the PAS, and D stands for the director frame. The V coincides with the 
principal axis of the quadrupolar coupling tensor. V falls on the rim of the cone in the 
diffusion model.  
 

Finally, in  DL;mG t β , as the summation indices, 𝑎𝑎  and 𝑎𝑎𝑎, run from −2 to 2, the 

individual term for the correlation function,  dir
mG t , is     222

0 PD '
a Dt

a aad eβ δ  for the axial 

diffusion model. The jump model results in different  dir
mG t , however. The  dir

mG t is 

presented for the jump model at the end of section 3.1. See Table 3.1. for the list of the 

reduced Wigner rotational matrices that appear in the above expressions. 
  

α
PD

 

n0 

yD 

xD 

zD 
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Table 3.1. List of the squares of some of the rank-2 Wigner rotation matrices. 

So far, one has made a coordinate transformation from the laboratory frame to the 

director frame, and from the director frame to the principal axis system (PAS) of the 

coupling interaction. In the following is the detailed derivation of the correlation functions 

for the jump and the rotational diffusion models. 
 
3.1 JUMP MODEL 

Jump model assumes that the atoms jump between discrete sites. Based on the 

assumption, one derives the spin-lattice relaxation times. Based on the jump rates, the 

matrix can be made. Matrix then allows one to see how the population changes for the N 

site jump model. Matrix leads to functions, which are used in the correlation function.  The 

   22
01 DLd β   2

DL
3sin 2
8

β  =  23
DL DL2 sin cosβ β  

       2 22 2
11 DL 11 DLd dβ β   

2
2DL

DL
1 cos

cos2
β β+ − 

 
 + 

2
2 DL

DL
1 cos

cos 2
ββ − − 

 
  

 2 21
DL DL2 cos cos 2β β  =  4 21

DL DL2 4cos 3cos 1β β   

       2 22 2
21 DL 21 DLd dβ β   

( )2
DL 2

DL
1 cos

sin
4

β
β

−
+ ( )2

DL 2
DL

1 cos
sin

4
β

β
+

 

 2 21 1
DL DL2 4sin sin 2β β  =  41

DL2 1 cos β  

   22
02 DLd β  

4
DL

3sin
8

β  

       2 22 2
12 DL 12 DLd dβ β   

( )2
DL 2

DL
1 cos

sin
4

β
β

−
+ ( )2

DL 2
DL

1 cos
sin

4
β

β
+

 

 2 21 1
DL DL2 4sin sin 2β β  =  41

DL2 1 cos β  

       2 22 2
22 DL 22 DLd dβ β   

4
DL1 cos

2
β− 

 
 

+
4

DL1 cos
2

β+ 
 
 

 

=  2 41
DL DL8 1 6cos cosβ β   
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direction of the C‒D bond vector is µ̂  in the director frame. The vector points to one of 

the allowed orientations at any given time,       PC, , ,0j j jt t tΩ Θ Φ . The derivative 

of the 𝑝𝑝𝑖(𝑡𝑡), which is the probability of finding µ̂  in site i, is given by the following 

equation,  

    
1

N
i

ij j
j

p t
R p t

t 




   .(3.4) 

One then puts the right-hand side of the equation in a matrix form. Also, one can get the 

eigenvalues of the matrix R  

    n n
nλ RX X  (3.5) 

as for example in Eq. (3.6) below. For nonzero n, the  n
iX  is like the spatial part of the 

solution, pi(t), and also is a part of the vector,  nX . In this example, 𝑅𝑅𝑖𝑗, which is kji, is the 

rate constant for the transition from site j to i. The Rii is the negative of the sum of all Rij 

because the population at site i can decrease due to populating all the other sites. The λ0, 

which is 0, makes the right side of the equation 0. When n = 0, the corresponding function 

is       0 0 0, ,i jX X X . Square of  0
iX  gives the probability of finding µ̂  at site i at the 

equilibrium.34 The probability is noted as  eqp i . In the N-site jump model, there are N 

different  nX , one for each 𝜆𝜆𝑛.  

Now, one wants to consider a simple case when there are only two sites with the equal 

rate constants going back and forth, so ijR are k , and  0
lX are 1 22 . First, one finds the 

eigenvector of the matrix below. From (3.5), the identity matrix, I , is inserted so that one 

can add the eigenvalues on both sides,  

     0I n
nλ R+ X  (3.6 a) 

 
 

 
0

n
n l

n
n m

k k X
k k X

λ
λ

              
 .(3.6 b) 
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Solving  det ( ) 2 0In n nkλ λ λ   R gives the nonzero nλ  eigenvalues. From above, 

when λn = −2𝑘𝑘, the signs of the 𝑋𝑋�
(1) and 𝑋𝑋𝑚

(1) should be different. A second equation gives 

the likelihood of spin vector �̂�𝜇 being at site l initially but site k when the time is t, 

    1
2

0

1 1
2 2

nn n t kt
m l

n
X X e eλ 


   (3.7 a) 

    1
2

0

1 1
2 2

nn n t kt
l l

n
X X e eλ 


   .(3.7 b) 

The second equation decreases with time, but the first equation increases with time. 

To obtain pl(t), one sums the product of the equation above and 1 by the index m. What 

this means is that the product has two terms with two summation signs. When the site m 

and l are different, one sums (3.7 a) over n. The site m is l in the second term, so one sums 

(3.7 b) over n. Lastly, the correlation function is the sum of the product of each of the 

equation above and the    0 0
m lX X  exp 'm lia iaφ φ . One sums it over the index l. The  0

mX  

is the square root of the probability of µ̂ being in site m at equilibrium. 

The Euler angles ΩPD =  PD PD PD, ,l l lα β γ  are for the orientation of µ̂  in the D frame. 

The director frame’s z-axis matches the axis of rotation,  

             *2 2
0 0 '0, 0 , 0 0, ,a aD D t tΘ Φ Θ Φ  

                
1 ( ' )0 0 2 2

0 0 '
0

                                  l jn
N a an nt i

l l j j a l a j
nlj

e X X X X d d eλ Φ ΦΘ Θ





    .(3.8) 

The Wigner rotation matrices in the angular brackets require the orientation of µ̂ at 

equilibrium and at time t.74 When time is 0, the probabilities of µ̂ being at different sites 

are the same. Moreover, one considers models where �̂�𝜇 reorients without changing Θ. For 

the two-site case, the variable Φ can be two values, either Φ� = 0o or 180o. The Θ is 180o, 

and one first solves the part of the correlation function where it depends on Φ only. 
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Furthermore, using 𝑋𝑋�
(0)𝑋𝑋�

(0) = 1
2
, 𝑋𝑋�

(0)𝑋𝑋𝑗
(0) = 1

2
 , 𝑋𝑋�

(1)𝑋𝑋𝑗
(1) = − 1

2
, and 𝑋𝑋�

(1)𝑋𝑋�
(1) = 1

2
, one 

expands the summation, which now reads: 

    
1 1 1 1( ' ) ( ' )1 10 2

'
0 0 0 0

1 1( )
4 2

l j l ja a a at i kt i
aa l j

l j l j
t e e e X X eΦ Φ Φ ΦΓ    

   
    (3.9 a) 

       0 0 1 0 0 11 1' ' ''1 1 1 1
4 4 4 4

i a a i a a i a ai a ae e e eΦ Φ Φ Φ Φ ΦΦ Φ       

         1 0 0 1 0 0 1 1' ' ' '2 21 1
4 4

   i a a i a a i a a i a ak ke e e e ee Φ Φ Φ Φ Φ Φ Φ Φ         .(3.9 b) 

One can verify that the solutions of the form    n n
l jX X  satisfy the matrix equation in (3.6). 

Whether  1
lX  or  1

jX  is negative is arbitrary, but they should have opposite signs. Here 

the indices 𝑎𝑎 and 𝑎𝑎𝑎 comes from the exponential, which describes the azimuthal angle of 

µ̂ . The reduced Wigner rotational matrix also depends on 𝑎𝑎 and 𝑎𝑎𝑎. The equation above 

simplifies if one uses Euler’s relation 𝑒𝑒𝑖𝜃 = cos 𝜃𝜃 + 𝑖𝑖 sin 𝜃𝜃  leading to 2 cos 𝜃𝜃 = 𝑒𝑒𝑖𝜃 +

𝑒𝑒−𝑖𝜃, hence we obtain that 
 2

' ( ) ' 1       t
aa t e a aΓ       (3.10 a) 

1 ' 0, 2       a a      
 ' 2              a a     (3.10 b) 
 0 ' 1            a a     .(3.10 c) 

For the 3-site jump model, Torchia et al. present the correlation function given below, 

34  
  ' 1 ' 0 ,            aa t a aΓ     (3.11 a) 

3 ' 1, 2,
1, ' 2,

1, ' 2,
2, ' 1,

       
                

                

kte a a
a a
a a
a a

    
  
  
  

       
 

 2, ' 1                 a a    .(3.11 b) 

Finally, to solve the relaxation rate equations shown in Table 2.1., one needs the 

spectral densities in the laboratory frame. The Fourier transforms of the correlation 
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functions are the spectral densities. In the correlation function, 𝐶𝐶𝑚(𝑡𝑡), the projection index 

m relates to the irreducible representation in the spherical basis. The transformation from 

the laboratory frame to the director frame is necessary as described above. The closure rule 

makes one coordinate transformation into two transformations, leading to: 

           
22 2 * 2Q Q Q

20 2 2 ' DL ' DL
'

2
'

m n n am a m
nn
aa

C t D Dρ ρ ρ Ω Ω




   

            2 * 2
PD ' ' PD0na n aD D tΩ Ω    .(3.12) 

Furthermore, the correlation functions only consider the 𝑛𝑛 = 𝑛𝑛𝑎 = 0 term. Similarly, in 

the formation of the quadrupolar coupling tensor, one uses the secular approximation, 

where,  2 PASQ
20 0Vρ  .  

Lastly, expanding the expression in the angular brackets, one gets the following 

equation,  

                      
2

2 2 ' 2 2'' ''
' 0 0 ' '

' 2

i a a
m am a m a l a j aa

aa
C t d d e d d tφθ θ θ θ Γ


   .(3.13) 

Here the correlation function            '' ''1 '0 0
'

, , 0

l j n
N i a an n t

aa l l j j
n l j

t X X X X e eφ φ λΓ
  


   for the 

three-site jump model is in Eq. (3.11). In  '' ''exp 'l jia iaφ φ , the ''
lφ  is the azimuthal angle 

of µ̂  initially, and ''
jφ is the angle at some time later.  The azimuthal angle is defined in the 

spherical coordinate system in the director frame. The reduced Wigner rotation matrices, 
   2 ''
0a jd θ  and    2 ''

0 'a ld θ  depend on the colatitudal angles, '' ''and  j lθ θ , which are βPD =70.5o. 

Finally, the relations regarding the Wigner rotation matrices, 

     *
, ,, , 1 , ,m aj j

a m a mD Dα β γ α β γ
    and    , ,

j j
a m m ad dβ β   , simplify the 

correlation functions, which now read: 

                      
2

2 2 ' 2 2
' 0 PD 0 ' PD '

, ' 2

i a a
m ma ma a a aa

a a
C t d d e d d tφθ θ β β Γ


   .(3.14) 
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When 𝑎𝑎 = 𝑎𝑎𝑎, one uses Table 3.1. to evaluate the product in the correlation function. When 

|𝑎𝑎 − 𝑎𝑎𝑎| = 3,  Table 3.2. gives the product of the reduced Wigner rotation matrices. 

Furthermore, the order of the indices of the reduced Wigner rotation matrices are 

changed when going from Eq. (3.13) to Eq. (3.14). Therefore, Eq. (3.14) has absorbed the 

phase factor (−1)𝑎−𝑎𝑎. Therefore, whenever the parities of 𝑎𝑎 and 𝑎𝑎𝑎 are different, the term 

has a different sign.  
 
Table 3.2. List of the products of some of the rank-2 Wigner rotation matrices.  

 

Next, the experimental relaxation rates depend on the spectral densities,  , ,mJ ω θ φ . 

The formulas for the T1Z relaxation time depend on the spectral density functions, 

      
22

1
1 1 22

3, , , 4 2 , ,
8Z

e qQT J Jθ φ ω θ φ ω θ φ  
      

 .(3.15) 

In the equation above, θ is the colatitude angle between the external magnetic field B0 and 

the rotational axis, andφ  is the azimuthal angle between the B0 and the rotational axis. 

Therefore, one arrives at the equation below, 

m = 1 

       2 2
1 2m md dθ θ  

 21
4 2cos cos 1θ θ   sin 1 cosθ θ  

=   31
4 sin 2cos 1θ θ   

       2 2
1 2m md dθ θ  

 21
4 2cos cos 1θ θ     sin 1 cosθ θ  

=   31
4 sin 2cos 1θ θ   

m = 2 

       2 2
1 2m md dθ θ  

( )( ) 21
8 sin 1 cos 1 cosθ θ θ+ −  

=  31
8 sin 1 cosθ θ  

       2 2
1 2m md dθ θ  

( )( )21
8 sin 1 cos 1 cosθ θ θ− +  

=  31
8 sin 1 cosθ θ  
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2 2 2 22 2 2
1 Q PD 11 1 1

2 2 2 24 3
PD 21 21 PD PD

2 2 2 2
12 1 1 11 1 2

2 2 2 24
PD 22 22

2 2 2 22
PD 21 21

9 16 , sin 2

sin 4 sin cos

cos3

4sin

,2 4sin 2

         

         

         

         

Z

I

R j d d

d d

d d d d

d d

j d d

π χ τ ω β θ θ

β θ θ β β

θ θ θ θ φ

β θ θ

τ ω β θ θ





 





 

  

  

 

 

 

                 2 2 2 23
PD PD 12 1 1 11 1 24 sin cos cos3         d d d dβ β θ θ θ θ φ 

    .(3.16) 

Where the reduced spectral densities are designated by    2 2, 1j τ ω τ ω τ   and 

  13kτ   in which k is the rate constant for the reorientational jumps. Given that θ is not 

90o nor 0o, the 1/T1Z value depends on the angle ϕ according to the jump model. Nonetheless, 

as the ϕ varies from 0 to 2π, the change in T1Z is less than ±20%.34 However, O’Connor et 

al. found that integrating the equation above over ϕ makes ϕ dependence go away for 

powder-type samples.75 
 
3.2 DIFFUSION MODEL 

In addition to the jump model, the rotational diffusion model predicts the orientation 

of the quadrupolar coupling tensor. Unlike the jump model, the quadrupolar coupling 

tensor does not occupy the discrete sites, and hence, any orientation is possible. An 

additional feature of the axial diffusion model is that the quadrupolar coupling tensor is 

equally likely to be on the rim of the cone. However, in a more realistic anisotropic 

rotational diffusion model, there is a potential barrier to the rotation perpendicular to the 

axis of preferred alignment, i.e., there is a potential of mean force.30  
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3.2.1 DERIVATION OF AXIAL DIFFUSION 

This subchapter derives the correlation function when the bond vector is distributed 

equally on the rim of the cone. The following correlation function, Gaa’(𝑡𝑡) describes the 

change in the orientation of the quadrupolar coupling tensor,   

              *2 2
' 0 0 'G 0, 0 , 0 0, ,aa a aD D t tΘ Φ Θ Φ  .(3.17) 

The values of 𝛩𝛩 and 𝛷𝛷 describe the angles of the principal axis system of the coupling 

tensor relative to the frame of the rotational axis (alignment frame). The equation (3.18) 

below is the correlation function for the axial diffusion model,76 

      
222

' 0 PD '
a D t

aa a aaG t d eβ δ   .(3.18) 

Derivation of the correlation function requires solving the diffusion equation. The first 

important point to note here is that there are infinitely many solutions to the diffusion 

equation, but the correlation function uses only one of the solutions. Secondly, the 

correlation function includes not only the solution to the diffusion equation but also 

depends on the equilibrium distributions as well. Ultimately, the solution to the diffusion 

equation goes into the autocorrelation function as indicated below, 

        0
2 222

0 PD eq 0 0 0
0 0

( ) ( 0) tia
a a t tG t d p p t e d d

π π
φ φβ φ φ φ φ φ   .(3.19) 

Here, the  eq 0p φ  is the probability of the quadrupolar coupling tensor having the 

azimuthal angle ϕ0 at equilibrium. Furthermore,  00tp tφ φ  describes the probability of 

both conditions happening. The first condition is that the angle is 𝜙𝜙𝑡 at time t. The second 

condition is that the angle is 𝜙𝜙0 at time = 0. The azimuthal angles are defined in the director 

frame, i.e., the average alignment frame. Finally, given below is the rotational diffusion 

equation, which describes the quadrupolar coupling tensor diffusing about an axis,  

    
2

2 ,,
i

tt
D

t
ψ

φ
φ ψ φ 


 

 .(3.20) 
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Because space and time are independent, one uses the technique of the separation of 

variables to solve the above partial differential equation. The solution to the differential 

equation is then the product of the two functions, i.e., the solutions for each of the 

independent variables. The functions depend either on the angle or on time. The boundary 

condition for the spatial part of the function is periodic, that is to say,    0 2Φ Φ π . 

Both the spatial and the temporal part of the functions depend on the index m, which can 

be any integer on account of the periodic boundary condition. Furthermore, one wants to 

get the solution to the differential equation using the conditional probability, 

    
2

0
1

0 0 2 i tD m t im im
t

m
p t e e eφ φφ φ π

  


    .(3.21) 

One notes the normalization constant in  φΦ , which is   1 22π 
 because the conditional 

probability  00tp tφ φ is unity at time zero. There are infinitely many particular solutions 

because the function depends on the m index. Furthermore, the solution is the linear 

combination of the particular solutions, whose coefficients depend on the initial condition. 

The initial condition of the solution is 𝜓𝜓(𝜙𝜙, 𝑡𝑡 = 0) = 𝛿𝛿( 𝜙𝜙0  −  𝜙𝜙𝑡), which is equal to 

  0exp tia φ φ . As a result of the initial condition, the solution to the differential 

equation is the following, 

        2
0 0

2
1

0
, 2 t tiim iaD m t

t
m

t e e e d
π

φ φ φ φψ φ π φ
   



      .(3.22) 

One can then substitute  00tp tφ φ  into the autocorrelation function, 𝐺𝐺𝑎(𝑡𝑡) . The 

function is given above, 

            2
0 0

2 222 2
0 PD 0

0 0
2 t tiim iaD m t

a a t
m

G t d e e e d d
π π

φ φ φ φπ β φ φ
   



 
  

    .(3.23) 

In Ga (t), the second integral with respect to tφ  gives the weighted average, which comes 

from the angular bracket in correlation function, Eq. (3.17). For the axial diffusion model, 
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 eq 0p φ  is 1 2𝜋𝜋⁄  because the quadrupolar coupling tensor is evenly distributed around the 

rim of the cone. The sum over the index m is infinite. Still only the 𝑚𝑚 = 𝑎𝑎 term survives 

due to the azimuthal averaging of cos siniaxe ax i ax  . After defining 21 a iD aτ  , the 

spectral density function of the correlation function above is the following, as in Brown’s 

original derivation:77 

        
22

0 PD 2
2

1
a

a a
a

J d τω β
ωτ




 .(3.24) 

Notably, if the rotational axis is parallel to B0, then Eq. (3.2) gives the autocorrelation 

function in the laboratory frame. The correspondence of the equation below, Eq. (3.25), to 

one above, Eq. (3.24), is the following. Using the following relation,   '
', , '1 m mj j

m m m md d  , 

one has    
22

0 PDad β  the same as    
22

0 PDad β . Furthermore, using the definition of the 

Wigner rotation matrix,        j jim in
mn mnD e d eα γβΩ   , and modulus, 

           
2 *j j j

mn mn mnD D DΩ Ω Ω , one sees that    
22

0 PDad β is equal to    
22

0 PDaD Ω . The 

asterisk, *, denotes the complex conjugate. Furthermore, one should time-average 

   
22

0 PDmD Ω , and director frame matches the laboratory frame. After Fourier 

transformation, the correlation function becomes the spectral density, which reads,  

           
222 2

0 PL 0 PL 0 0m m m m mJ D D jω δ ωΩ Ω
 

  
 

 ,(3.25) 

as derived by Brown in Ref. 77, 78 Therefore, in the limit of the axial diffusion model, the 

reduced spectral density function is       22 2
0 ' '2 1m n nj ω τ ωτ      . One needs the spectral 

density functions, Jm(ω), for m = 1, or 2 to calculate the T1Z and T1Q relaxation rates. 
 
3.2.2 DIFFUSION MODEL IN AN ANISOTROPIC POTENTIAL 

In the rotational diffusion in an anisotropic potential model, the temperature (thermal 

energy) and the other internal forces of the system opposes the tendency to rotate the 
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molecule into the direction of the alignment field, i.e., corresponding to the mean-torque 

potential.79 The instantaneous direction of the diffusion tensor (ellipse) can be away from 

the field of the alignment frame. It follows that the mean-squared moduli in the correlation 

function,          
222 2

m mn mnG t D DΩ Ω  , needs to be evaluated explicitly.80 

Lastly, the Wigner rotation matrix elements are represented in the Dirac bra-ket notation, 

which is      j
mnD jm D jnΩ Ω . Accordingly, the eigenfunctions of the symmetric 

top molecules are the Wigner rotation matrices. Finally, one can evaluate the mean squared 

moduli of the Wigner rotation matrices by using the Legendre polynomials.  

In the correlation functions and spectral densities, one wants to explain the products of 

the two Wigner rotation matrix elements in terms of a series expansion using the Clebsch-

Gordan coefficients. Because the Wigner rotation matrices are the eigenfunctions for the 

angular momentum operators, multiplication of the Wigner rotation matrix elements 

corresponds to the coupling of the angular momentum. Thus, one uses the Clebsch-Gordan 

coefficients when one multiplies the eigenfunctions of the angular momentum operators. 

The multiplication of the two Wigner rotational matrices can be a linear combination of 

the members from a set,  i . The members form the complete set, so we can write that 
 i

i
c iψ    .(3.26) 

In the equation above, i is the eigenfunction in the coupled representation. The 

coefficient ic  is the projection of the coupled state to the uncoupled state and allows one 

to evaluate the coupled state. The square of the 2
ic  is the probability of observing i  in 

the coupled state. The equation (3.26) is comparable to Eq. (3.27). The coefficient ic  is the 

Clebsch-Gordan coefficient designated by 1 2 1 2 1 2j j m m j j JM in the equation below. 

Once again, the summation over all possible i  is vital because  i  is a complete set: 
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leading us to the result that  

   
   

1 2

1 1 2 2

1 2
1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2

, ,
     

j j
m n m n

j j

J M N

D D

j j m m j j JM j j JM D D j j JN j j JN j j n n

Ω Ω

Ω Ω    

  
1 2 1 2 1 2 1 2 1 2 1 2

, ,

J
MN

J M N
j j m m j j JM D j j JN j j n n   .(3.27) 

The Wigner rotation matrices,    j j
mnD jm D jnΩ Ω , in the left-hand side, are in 

the uncoupled state, and the vector coupling (Clebsch-Gordan) coefficients give the 

projections onto the coupled basis in the vector space. 

In the Dirac bra-ket notation, the uncoupled state is 1 1 2 2 1 2 1 2j n j n j j n n  , and the 

coupled state is 1 2j j JM . The two angular momentum vectors, j1 and j2, follow the 

quantum mechanical triangle condition. Coupling of j1 and j2 gives 1 2j j JM as the 

representation in the coupled basis. The following inequalities give the upper, and the lower 

limits for the angular momentum vector, J, 1 2 1 2j j J j j    , and the angular 

momentum vectors are in the integer steps 𝐽𝐽 =  |𝑗𝑗1 − 𝑗𝑗2|, |𝑗𝑗1 − 𝑗𝑗2| + 1, … , |𝑗𝑗1 + 𝑗𝑗2|. The 

relationship between the Clebsch-Gordan coefficients and the Wigner 3-j symbols is the 

following, 

   1 2 1 2
1 2 1 2 1 2

1 2

1 2 1j j M j j J
j j m m j j JM J

m m M
    

      
 .(3.28) 

The Wigner 3-j symbols are advantageous because they have well-known symmetry 

relationships the facilitate calculations.81 The above equation can then be substituted into 

Eq. (3.27). Therefore, one can explain the product of the Wigner rotational matrices using 

two 3-j symbols, which reads: 

   1 2

1 1 2 2

j j
m n m nD DΩ Ω  

     
1 2

1 2

1 2 1 2

, 1 2 1 2

2 1          
j j

J
MN

J j j M N

j j J j j J
J D

m m M n n N
Ω



 

   
            

   .(3.29) 

Here one recalls the symmetry relationships of the Wigner rotational matrix, for instance
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     *
, ,, , 1 , ,m aj j

a m a mD Dα β γ α β γ
   . Then, one introduces the complex conjugates to 

obtain the following equation, 82 

   1 2

1 1 2 2

*j j
m n m nD DΩ Ω  

       2 2 1 2 1 2

, 1 2 1 2

1 2 1           m n J
MN

J M N

j j J j j J
J D

m m M n n N
Ω    

               
 .(3.30) 

Identifying 𝑚𝑚1 = 𝑚𝑚2 and 𝑛𝑛1 = 𝑛𝑛2 gives the mean squared moduli, in which the Wigner 

rotation matrix is the complex conjugate of the other. Therefore, one gets the following 

Clebsch-Gordan series expansion for the products of the Wigner rotation matrix elements 

            
2 '2

' 00

2 2 2 2
1 2 1

' ' 0 0
m m j

m m
j

j j
D j D

m m m m
Ω Ω    

             
  .(3.31) 

where the index j runs from 0 to 4 (𝑗𝑗 = 𝑗𝑗1 + 𝑗𝑗2).  

Ultimately, the correlation functions and their Fourier transform partners, the spectral 

density functions, entail the mean-squared moduli corresponding to the products of the 

Wigner rotation matrix elements. As a result of this derivation, the mean-square modulus 

is the linear combination of the Legendre polynomials with different ranks. Finally, after 

defining 𝑀𝑀 = 𝑚𝑚1 + 𝑚𝑚2 and likewise, for N, one has the equation below, 

          
422 ( )

' ' 00
0

j jj
m m m m

j
D c c d βΩ


   .(3.32) 

To make the equation simpler, one uses the algebraic forms  j
mc instead of the 

corresponding 3-j symbols.  Here the symbols ( 𝑚𝑚�, 𝑚𝑚 ) are the projection indices. 

Buckmaster et al. have calculated the above algebraic forms of the 3-j symbols when 𝑚𝑚𝑎 =

𝑚𝑚. 83  The following equations show some of the coefficients up to rank-4 which are 

relevant to the present application, 

  0 1
5mc    (3.33 a) 

  1

10m
mc    (3.33 b) 
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14m

m
c

 
   (3.33 c) 

    3
3 17 5

6 10m

m m
c

 
   (3.33 d) 

    2 4
4 72 155 35

12 70m

m m
c

 
   .(3.33 e) 

Using the Clebsch-Gordan coefficients or equivalently the Wigner 3-j symbols, 

evaluation of squared moduli of the Wigner rotation matrix elements is then possible. As 

an example, one obtains the following expression, 

            
22 2 4

00 PD 00 00
1 2 18
5 7 35

D d dβ βΩ     .(3.34) 

Of course, one also needs to calculate the time-averaged value of the squared moduli. To 

obtain the statistical averages, one uses the formula below,  

 ( ) ( )
( )/

0
00 00 ( )/

0

(cos ) sin
( ) ( ) (cos ) =

sin

U k TB
jj j

j U k TB

P e d
D d P

e d

π β

π β

β β β
β

β β

−

−
〈 Ω 〉 = 〈 Ω 〉 = 〈 〉 ∫

∫
 .(3.35) 

Furthermore, the potential of the mean torque is  cosj jPλ β . The 𝜆𝜆𝑗is a constant, and 

the parity of 𝑃𝑃𝑗(cos 𝛽𝛽) under inversions depends on whether the rank j is even or odd. The 

Legendre polynomial,  1 cosP β , has the odd parity concerning the inversion β→π‒β. 

However, the sin β and  2 cosP β  have even parities for the inversion. Therefore, if the 

parity of the potential, U(β) is odd, then one can have the    00
jd β  where j can be either 

even or odd.82 One can series expand the exponential with U(β) to obtain the terms with 

odd and even parities. A complete list of the mean-squared moduli for rank-2 Wigner 

rotation matrix elements,    
22

0 PLmD Ω , is provided in Table 3.3. 
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Table 3.3. Mean-squared moduli of Wigner rotation matrix elements 〈�𝐷𝐷𝑚�𝑚
(2) (Ω)�

2
〉 for a 

generalized potential of mean torque. Here 〈𝑃𝑃2〉    2
00 PLd Ω and 〈𝑃𝑃4〉    4

00 PLd Ω . 
 

'm  m     
22

'm mD Ω  

0 0        2 4
00 00

1 2 18
5 7 35

d dβ β   

0 
1 
0 

−1 

1 
0 

−1 
0 

       2 4
00 00

1 1 12
5 7 35

d dβ β   

0 
2 
0 

−2 

2 
0 

−2 
0 

       2 4
00 00

1 2 3
5 7 35

d dβ β   

1 
−1 

1 
−1 

               1 2 3 4
00 00 00 00

1 1 1 2 8
5 10 14 5 35

d d d dβ β β β     

1 
2 

−1 
−2 

2 
1 

−2 
−1 

               1 2 3 4
00 00 00 00

1 1 1 1 2
5 5 7 5 35

d d d dβ β β β     

2 
−2 

2 
−2 

               1 2 3 4
00 00 00 00

1 2 2 1 1
5 5 7 10 70

d d d dβ β β β     

1 
−1 

−1 
1 

               1 2 3 4
00 00 00 00

1 1 1 2 8
5 10 14 5 35

d d d dβ β β β     

1 
−2 
−1 

2 

−2 
1 
2 

−1 

               1 2 3 4
00 00 00 00

1 1 1 1 2
5 5 7 5 35

d d d dβ β β β     

2 
−2 

−2 
2 

               1 2 3 4
00 00 00 00

1 2 2 1 1
5 5 7 10 70

d d d dβ β β β     

 

To continue, in the rotational correlation function,  mG t , the mean squared moduli, 

   
22

mnD Ω , appear in two places. First, they are used to evaluate  0mG t  . Secondly, 

one needs the mean squared moduli to get the correlation times, as shown in the equation 

below.84 The 𝜇𝜇𝑚�𝑚 is called the moment, and appendix G discusses how to get them in 

further detail. In the reduced correlation function, the mean squared moduli and the 
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moments, mnµ  give the rotational correlation times, which read:  

 
       

  2
222 2

0 0

1 qn

qn
qn MD qn MD q n

D D D n
d d

µ
τ β β δ δ

   


  .(3.36) 

 
3.2.3 REFERENCE PLOTS 

In this section, to test the theory as summarized above, one generates plots of the T1Z 

relaxation times versus the rotational correlation times. One wants to see how the magnetic 

field, the order parameter, or the diffusion coefficients affect the T1Z relaxation times.77  

Notably the correlation time 𝜏𝜏00 is calculated according to the following equation, 

 
       

 00
222 200

00 00

1 0D D D
d d

µ
τ β β

    


  .(3.37) 

Furthermore, the correlation time decreases with temperature because the perpendicular 

diffusion constant follows the Arrhenius equation,  ,0 exp aD D E RT   . The 

exponential part asymptotically approaches to 1 with the temperature. Furthermore, in the 

limit of 0 K, the exponent becomes zero. Therefore, the log (𝜏𝜏00) is plotted on the x-axis 

to make it comparable to the experimentally determined T1Z plots, which has 1/T as its x-

axis. Furthermore, for the y-axis, one adds the value of 11.63 to the log of the calculated 

T1Z values because 11.63 is the common coefficient for all the spectral densities in the T1Z 

equation. The  2 2
Qlog 3 2π χ  gives 11.63, where the quadrupolar coupling constant, 𝜒𝜒Q, 

is approximately 170 kHz. Unless noted in the graph, the table below has the default 

settings. The reference plots correspond to figures 5, 4, and 2 of the original paper by 

Brown.77 The reference plots are used to help guide the simulation of the experimental data. 
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Table 3.4. The standard fitting parameters. If the simulation used different settings than 
listed below, then it is noted inside the graph. The angle β is from the principal axis to the 
director axis, and θ is from the director axis to the main magnetic field. Furthermore, one 
obtains the value of 𝐷𝐷∥,0  by multiplying the 𝐷𝐷⊥,0  by ηD, which is the diffusion tensor 
anisotropy. 
β θ Ea (kJ/mol) 0v  (MHz) Qχ  (kHz) ,0D  (s−1) 
90o 90o 14.6 55 170 1× 1013 

 

 
Figure 3.3. The T1Z reference plots for different Larmor frequencies for the continuous 
diffusion model when the D⊥ = D|| with the order parameter 0.4 (left) and when the 50 D⊥ 
= D|| with the order parameter equal to 0.9 (right). The value of 〈𝑃𝑃4〉 is calculated from 〈𝑃𝑃2〉 
as described in the text.  
 

In Figure 3.3. when the temperature is high, the T1Z relaxation time is independent of 

the Larmor frequency. The molecular motions are faster than μs at high temperatures, and 

the relaxation is the most efficient when the time scale of the molecular motions is about 

μs, corresponding to the inverse of the nuclear Larmor resonance frequency. The reference 

plot uses the continuous diffusion model. 
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Figure 3.4. The plot assumes the strong collision model. Effect of order parameter on the 
relaxation rates calculated for the strong collision model. Here, the order parameter is 
denoted by 〈𝑃𝑃2〉, which is the second-rank order Legendre polynomial. The x-axis or the 
correlation times are calculated using the equation for the correlation time, 1c Dτ  .  The 
plot in the left has the equal rotational diffusion coefficients D⊥ = D|| but has 50 D⊥ = D|| on 
the right.  
 

Figure 3.4. assumes the strong collision model. Here the ordering potential, 〈𝑃𝑃2〉, does 

not determine the moments, μmn, but affects the mean-squared moduli. In the right figure, 

where 𝜂𝜂𝐷 = 50, one sees that the minimum on the left disappears when the ordering 

potential is close to one. 
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Figure 3.5. The effect of 〈𝑃𝑃2〉 and diffusion tensor anisotropy ηD on the T1Z relaxation for 
the continuous diffusion model. The 〈𝑃𝑃2〉 is the order parameter. The second-rank order 
parameter 〈𝑃𝑃2〉 is crucial for the calculation of the fourth-rank order parameter 〈𝑃𝑃4〉 as 
shown in Eq. (3.35). The value of 〈𝑃𝑃4〉 is set equal to 〈𝑃𝑃2〉 when the dashed line is generated.  
 

Referring to Figure 3.5., for the graph on the lower left, one sees a slanted line. This 

paragraph shows that the curve bends when the value of 〈𝑃𝑃2〉 is one, which is close to 0.9. 

Figure 3.5. uses the order parameter as 0.9. The spectral density is from the following 

equation,  

     
2 2 22

0 PI
2 2

m q
q n

G t D Ω
 

    

             
222 2 2

ID ID 0 0 ID DL,    qn qn q n qn nmD D g t Dδ δΩ Ω Ω Ω
 

  
 

 .(3.38) 

Here    2
PImnD Ω  is the Wigner rotation matrix element, which depends on the angle 

between the deuterium’s principal axis (P) and the intermediate (I) axis. The orientation of 
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the intermediate axis changes with time. The    2
00 PID Ω  in this simulation is 1/2. 

Furthermore,  ID,qnj ω Ω  is the reduced spectral density, which depends on the angle 

between the intermediate axis and the director axis. The orientation of the director axis is 

the same as the time-averaged orientation of the intermediate axis. The director axis is a 

fixed axis in the laboratory frame. The equation above then becomes the following, 

         
2 2 222 2

ID 00 ID 0 0
2 2

1
2m qn p q

q n
G t D D δ δΩ Ω

 

 
  

    

     2
ID DL,              qn nmg t DΩ Ω   .(3.39) 

The    2
00 IDD Ω  is one means that the angle between molecular and intermediate axes is 

zero. Only when angle βID is 0o,    2
00 IDD Ω is one and director axis is fixed in the 

molecular frame. Furthermore, according to Table 3.3., one only has some of the mean-

squared moduli of Wigner rotation matrix elements., which are    22
11 IDD Ω , 

   22
1 1 IDD Ω  ,    22

22 IDD Ω ,    22
2 2 IDD Ω  , and    22

00 IDD Ω . Because these 

Wigner matrix elements are one, the correlation function becomes the following,  

        00 11 22 2
DL

1 1 1 2 2
2

  
t t t

m nmG t e e e Dτ τ τ Ω
   

     
 

   .(3.40) 

The reduced correlation function is an exponential function, which depends on 𝜏𝜏𝑚𝑛. 

Furthermore, if 𝐷𝐷⊥ = 𝐷𝐷∥, the correlation times are the following, 

 
       

222 2
00 0 0

1 qn

qn
qn q n

D
d d

µ
τ β β δ δ




 .(3.41) 

Appendix G shows how to calculate μmn moment values. When the order parameter is 

1, 1 1µ  and 2 2µ  are 1 and 4, respectively. Therefore, when the order parameter is one, and 

the parallel and the perpendicular components of the diffusion coefficient are equal, one 

sees double minima in the plot because there are two Lorentzian functions in the 𝐽𝐽𝑚(𝜔𝜔, 𝛽𝛽��) 

equation,  
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   .(3.42) 

Only the diffusion coefficient changes with the temperature. The slope of 𝐽𝐽𝑚
dir(𝜔𝜔, 𝛽𝛽��) is 

close to zero whenever one of the two conditions are satisfied, 
 
 2 2

0 0and 4  D Dω ω    .(3.43) 
 

 
Figure 3.6. Dependence of the T1Z time on the orientation of the director axis to the 
magnetic field. The x-axis increases to the left where the temperature also increases. The 
angle θ is the angle between the main magnetic field and the director axis. The nuclear spin 
relaxation time is the shortest when the orientation of the director axis is parallel to the B0, 
and the relaxation time is longest when the direction of the methyl axis is perpendicular to 
B0. The 〈𝑃𝑃2〉 value for this calculation is 0.9, and β is 70.5o. The β is the angle of the PAS 
to the diffusion tensor principal axis. The value of the diffusion tensor anisotropy, 𝜂𝜂𝐷 is 50. 
 

So far, the reference plots represent a hypothetical simulation. However, the same 

parameters can also describe an actual experimental situation. For example, the reference 

curve for both high 〈𝑃𝑃2〉 and ηD (lower right in Figure 3.5.) explains the methyl bond 

rotation. On the other hand low 〈𝑃𝑃2〉 and ηD= 𝐷𝐷∥ 𝐷𝐷⊥⁄  describes the methylene segments in 
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lipids (upper left in Figure 3.5.). Furthermore, 〈𝑃𝑃2〉 less than one means there are off-axial 

motions, and that the average angle between the director axis and the intermediate axis is 

non-zero. Likewise, the value of 𝐷𝐷⊥ is much smaller than 𝐷𝐷∥ when the methyl group only 

rotates about the rotor axis. 
 
3.3 SHORTCOMINGS OF THE ANGULAR DEPENDENCE STUDY 

First, the procedure for the angular dependence study is the following. For antiviral 

compounds, which are rimantadine-d3 and amantadine-d15, I do the angular dependence 

study. I also do an angular dependence study for HMB-d18. Angular dependence study 

means measuring the T1Z and T1Q relaxation times across the spectral line shape. The 

programming script calculates the T1Z or T1Q relaxation times at ten different frequencies 

corresponding to different orientations in the power spectrum of the randomly oriented 

crystallites. See the equation below to see how the frequency is related to angle. One wants 

to differentiate the jump model and the diffusion model by comparing as many relaxation 

rates as possible. The two input files were the delay list corresponding to the time delays 

in the inversion recovery (or quadrupolar order) relaxation experiments and the T1Z (or T1Q) 

relaxation spectra. There could be as many spectra as the delays in the list.  

The program gave the table, which had the time delays in the first column and the 

intensities in the following ten columns at the various frequencies. The frequencies 

corresponded to different orientations of the powder-type spectra of the randomly oriented 

crystallites. The program did three things. First, it found the frequency at the spectral edge 

(i.e., for the θ  = 90o orientation) for each time delay. There were edges at the positive and 

negative frequencies versus the spectral center. The intensity was the highest at the edge. 

Regardless of the delay time, the intensity was always higher at one or the other side of the 
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spectrum. Secondly, using the frequency from the previous step, nine other frequencies 

were calculated according to the formula below,  

    23cos 180 1
2

2

oθ π
ω θ ω

 
         .(3.44) 

The frequency where the intensity was maximum was ω . The value of θ was from the list 

of angles from 0o to 90o in 10o steps. The program returned the experimental intensity at 

the frequency closest to the calculated value according to Eq. (3.44). Finally, the program 

outputted the average by averaging the intensities at the frequencies above and below the 

calculated frequency. The simulation script is in CODE 2 of appendix A.  

Furthermore, for each angle, the spectral intensity versus the time delay in the 

inversion-recovery experiment was fitted to a single exponential equation. The problem 

was that P2(cos(θ)) was not a one-to-one (single-valued) function. Two values of θ showed 

up at the same frequency in the line shape graph. The equation for the quadrupolar splitting 

frequency was given in Eq. (2.19), where PLΩ  stood for the time-averaged angle between 

the principal axis and the laboratory z-axis. This equation applied when there was 

cylindrical (uniaxial) symmetry of the EFG tensor of the deuterium nucleus. Therefore, for 

the case of rotating methyl groups in molecular solids, using the reduced quadrupolar static 

coupling tensor, '
qω , which was 167 kHz divided by three, one only considers the 

colatitudal angle between the main magnetic field and the methyl rotational axis, 

   
'

23cos 1
2

qω
ω θ θ      .(3.45) 

For example, in the case of the deuterium nucleus’ angles of the quadrupolar coupling 

tensor (either static or residual) of either 35.3o or 90o to the B0 external field in the 

laboratory frame correspond to the same single frequency in the spectral line shape. 
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Therefore, it is impossible to obtain the relaxation rate due to the single individual 

molecular orientations. However, from the powder pattern, it is still possible to fit the 

change in the magnetization to the equation with an exponential term for the inversion 

recovery (or decay of quadrupolar order).72 

On the other hand, it was safe to assume that there was only one orientation at the 

shoulder (θ = 0o) of the powder-type of the 2H NMR spectrum. The line shape simulation 

confirmed this assumption. Decomposing the line shape into left and right spectral 

branches ensured that each branch was undoubtedly due to the deuterium with only one 

orientation. The intensities obtained from the left and right branches showed there were 

seven times more deuteriums, whose quadrupolar coupling tensors were oriented 90o, than 

the deuteriums, whose quadrupolar coupling tensors were oriented at 35.3o to the main 

magnetic field. An example showing both branches of the solid-state 2H NMR spectrum 

was in Figure 6.4. The spectrum was the theoretical spectrum but simulated the 

experimental spectrum well.  Therefore, the deuterium, whose quadrupolar coupling tensor 

was oriented 90o to the main magnetic field, predominantly caused the edges in the 

quadrupolar echo 2H NMR spectrum.   

One just saw the problem with 
1Z,90oT , which was the 1ZT  time measured at the 

frequencies where the edges occurred in the line shape spectrum. However, as already 

stated above, such a problem did not exist for 
1Z,0oT , which was the 1ZT  time at the 

frequencies, where the shoulders appeared. Shoulders appeared at frequencies twice the 

frequencies of 
1Z,90oT . Despite the problem-free status, 

1Z,0oT  was also prone to error 

because the intensities were not from the edges where the intensity was highest. Therefore, 
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the obtained intensities were quite sensitive to the errors in the frequency and the 

corresponding molecular orientation within the laboratory frame.  



85 
 

 
 

CHAPTER 4. THE 2H NMR STUDY OF HEXAMETHYLBENZENE-d18 

Introduction 

This study aims to understand the dynamics of hexamethyl-benzene-d18 (HMB-d18) as 

a test case for applying NMR relaxation to elucidate the molecular dynamics in the 

crystalline solid-state. The structure of the hexamethyl-benzene molecule entails a benzene 

ring which is bonded to methyl groups. Potentially, there are two types of motions that can 

occur in HMB. The first motion is the simple rotation of the methyl groups about their 

three-fold axes, and the second is the entire rotation of the benzene ring about its six-fold 

(hexad) axis.  One can speculate that when the ring rotation slows down, the methyl groups 

around the benzene ring rotate like gears.85 Xiaolin Xu reports the 1ZT  and 1QT  spin-lattice 

relaxation times in her doctoral dissertation, and this thesis uses the same data.80  
 

 
Figure 4.1. The molecular structure of hexamethyl-benzene HMB-d18. There are two 
motions in HMB-d18, and the rotational axes are the following. The C‒C axis involves the 
‒CD3 or deuterated methyl groups. The second (hexad) axis runs through the center of the 
benzene ring and is the axis with the highest molecular symmetry. 
 

Previous researchers have studied HMB-d18.86-88 For example, Tang et al. experimented 

with HMB-d18 and conducted temperature-dependent relaxation experiments when the 

deuterium Larmor frequency was 16.8 MHz.85 Vieth et al. also studied the relaxation rates 

of the HMB-d18 at a different Larmor frequency of 46.1 MHz but used only a single 
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Lorentzian to explain the relaxation data.89  

Additional studies by Morrison et al. have entailed T1Z and T1Q relaxation experiments 

and have emphasized that the T1Z and T1Q fitting results were better if one assumed there 

were distortions in the geometry of HMB-d18. The assumption that there was a distortion 

led to the conclusion that, in the benzene ring, the angle between the methyl axis was 56o.90 

Furthermore, using the T1Z and T1Q relaxation measurements, Hoatson et al. had shown that 

there was less distortion in geometry when both the six-fold and three-fold jump rates were 

included.86 However, this unique emphasis of this study was to use the T1Z spin-lattice 

relaxation data from the literature at different magnetic field strengths together with our 

new data and an additional field strength to interpret the molecular motions occurring in 

the solid-state in terms of a composite dynamics model.  We investigated whether the 

relaxation times over a very wide temperature range can be fitted to either the well-known 

diffusion model or alternatively a jump model for the molecular reorientation in the solid-

state.  We were furthermore interested in whether one can distinguish the two modes of 

molecular reorientation in the solid-states and moreover whether one could obtain new 

information about the potential of mean force governing the molecular reorientations.  

Having tested the conceptual and theoretical framework, one is then able to address the 

molecular motions occurring in various biologically active compounds, first in the sloid 

state and then when bound to their orthosteric and allosteric sites within the biomolecular 

targets. 
  
4.1 LINE SHAPE MEASUREMENTS OVER A WIDE TEMPERATURE RANGE 

The T1Z and T1Q spin-lattice relaxation constants were measured from 37 oC to ‒153 oC. 

The temperature was monitored using a PID temperature controller built by Bruker (BV-
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T1000) and liquid nitrogen flow. Low temperature decreased the thermal energy of the 

HMB-d18 and slowed the rotations.  

Materials and Methods 

Quadrupolar echo spectra of the HMB-d18 were measured using the Bruker AMX500 

spectrometer. Temperatures were in between 43 oC to − 173 oC. The BV-T1000 

temperature controller from Bruker was used to measure the temperature.  
 

 
Figure 4.2. Line shape spectra of HMB-d18 measured with Bruker AMX-500 spectrometer 

at high (left), medium (middle), and low (right) temperature ranges. Figures were drawn to 

scale. The comparison between left and right shows the effect of thermal energy because 

the Q v
  are decreased from ±20 kHz to ±10 kHz. The spectral asymmetry is an 

experimental artifact of the weak radiofrequency pulse power. The figure is from the 

doctoral thesis of Xiaolin Xu.91 
 

Based on the experimental results, one calculates the  〈𝑃𝑃2〉 order parameter for 

reorientation (wobbling) of the HMB-d18 principal molecular (hexad) axis with respect to 

the crystal frame, which reads: 

           
Q

2
2 2 2o o o

Q 00 00 00
3 90 109.5 90
2

P
D D D
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χ


  

 
 

18.3 kHz 18.3 kHz 0.850
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The order parameter above is positive because one takes the absolute value of the fraction. 

Therefore, the order parameter 〈𝑃𝑃2〉 of the HMB-d18 principal (hexad) axis versus the 

crystal lattice is 0.850. Furthermore, when calculating the denominator, one only considers 

the rotational motion of the benzene ring and methyl group. 

Results and Discussion  

Shown in Figure 4.2. are the results of the line shape experiments at different 

temperatures. At high temperatures, the prominent large-intensity edges (θ = 90o) are at 

±9.15 kHz.  

The main conclusion at this point is that the order parameter value is less than one. As 

one can see above and also in the next chapter, the decrease from the theoretical value 

considering only the rotational motions of the benzene ring could be due to the wobbling 

of the hexad axis. The rotation of the benzene ring is rapid with respect to the inverse 

quadrupolar coupling (> 4×104 s-1), and the off-axial motion is also fast (> 3×104 s-1). Both 

motions affect the solid-state 2H NMR line shape spectra of the polycrystalline powder. 

The off-axial motion is rationalized because one can approximate HMB as an oblate 

ellipsoid.  
 
4.2 A TEST OF ROTATIONAL DIFFUSION THEORY 

The relaxation times T1Z and T1Q were measured over a wide range of temperatures. 

Furthermore, the spin-lattice relaxation data were measured using magnets with different 

magnetic strengths. As further validation of this study, the diffusion model explained the 

T1Z data, as shown in Figure 4.3. The 46 MHz and 76 MHz data were from the 

polycrystalline sample. The relaxation times were calculated using the intensities at the 

prominent edges (θ = 90o orientation) of the 2H NMR spectral line shapes. The activation 
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energy of the HMB ring rotation was (33.0±0.4) kJ/mol, as reported by Tang et al.85 
 
4.2.1 SIMULATION OF BENZENE RING AND METHYL ROTATIONS 

The value of T1Q relaxation time is inversely proportional to the spectral density 

function,  1 0J ω . The value of T1Z relaxation time is inversely proportional to the spectral 

density function,    1 0 2 04 2J Jω ω . Furthermore, the motions with the time scale of the 

inverse of the Larmor frequency are most effective in causing the nuclear spin relaxation. 

At low temperatures, the rotation of the benzene ring is slow (with respect to the inverse 

of the residual quadrupolar coupling due to the methyl three-fold rotations). In HMB-d18, 

both the fast and slow movements contribute to the spectral density function. The spectral 

density functions due to the fast motion are J1, fast (ω0) and J2, fast (2ω0). Similarly, the spectral 

density functions due to the slow-motion are J1, slow (ω0) and J2, slow (2ω0). For the composite 

motion, the spectral density functions, which are used to calculate the T1Q relaxation rates, 

are the addition of the spectral density functions from the fast and the slow motions,  

      1 0 1,fast 0 1,slow 0    J J Jω ω ω   (4.2 a) 
      2 0 2,fast 0 2,slow 02 2 2  J J Jω ω ω   .(4.2 b) 

Materials and Methods 

The HMB-d18 used by the Pines group was in the crystalline form, but the HMB-d18 

used by Xiaolin Xu and K.J. Mallikarjunaiah in our laboratory was in the polycrystalline 

form. From the intensities of the edges (θ  = 90o) of the 2H NMR spectral line shape, both 

the T1Z and T1Q times were calculated using the inversion-recovery and quadrupolar-order 

pulse sequences, respectively. The following equations summarize the relaxation times 

measured from the NMR relaxation experiments, 

   2 2
Q 1 0 2 0

1Z

1 3 4 2
4

J J
T

π χ ω ω        (4.3 a)  
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 2 2
Q 1 0

1Q

1 9 ( )
4

J
T

π χ ω=  .(4.3 b) 

One can substitute Eq. (4.2) into Eq. (4.3) and collect the 1Z1 T and 1Q1 T  terms due to 

the relatively fast and the slow motions. The motion of the phenyl ring is slow relative to 

the methyl rotation, whereas the motion of the methyl group is faster. The rotation of the 

methyl group is ineffective in rotating of the phenyl group and vice versa, i.e., they are 

statistically independent, and cross-correlations are negligible. The program based on the 

diffusion model calculates the spectral density functions in Eq. (4.2). The program was run 

separately with appropriately chosen coupling constants to calculate the motions of the 

benzene ring and the methyl group.  
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Figure 4.3. The plot shows the value of ln (T1Z) for HMB-d18 against the inverse 
temperature. According to Eqs. (4.3 a) and (4.2), one calculates the T1Z relaxation times. 
The quadrupolar coupling constant (χQ), activation energy (𝐸𝐸𝑎), and the preexponential 
factor of the diffusion constant (𝐷𝐷∥,0 ) for the ring rotations are 40 kHz, 34 kJ/mol, and 
4×1014 𝑠𝑠−1. For the methyl rotations, they are 167 kHz, 6 kJ/mol, and 0.85 𝑠𝑠−1. 
 

 
Figure 4.4. The plot shows the value of ln (T1Q) for HMB-d18 against the inverse 
temperature measured at the Larmor frequency of 77 MHz. It is impossible to find a single 
set of parameters that simultaneously simulates T1Z and T1Q relaxation times. 
 

Xiaolin 77 MHz 
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Table 4.1. The program simulated the relaxation times using the parameters. Two sets of 
parameters were the methyl and phenyl rotations in HMB-d18. The table presents 
parameters such as the pre-exponential factor for the diffusion coefficient, order parameter, 
and activation energy.  

Benzene rotation 
Ea (kJ/mol), the activation energy of the 
rotation 34 

𝜂𝜂� =  D∥/D⊥, the ratio of parallel to 
perpendicular components of the diffusion 
constant 

2.0×101 

D∥, 0 (m2/ s), pre-exponential factor 4×1014 
β, the angle between the director axis and 
the symmetry axis 90o 
〈𝜒𝜒Q〉 (kHz), residual quadrupolar coupling 
constant 40 

〈𝑃𝑃2〉, order parameter 0.85 
θ, the angle between the director axis and 
the B0 

90o 

 
Methyl rotation 

 
Results and Discussion 

Figure 4.3. presents the T1Z relaxation times from this laboratory and summarizes the 

T1Z times collected by other laboratories, which are analyzed using models for the rotational 

dynamics in the solid-state. Figure 4.4 shows the T1Q relaxation times from this laboratory. 

Ea (kJ/mol), the activation energy of the 
rotation 6 

𝜂𝜂� =  D∥/D⊥, the ratio of parallel to 
perpendicular components of the diffusion 
constant 

5.0×101 

D∥, 0 (m2/ s), pre-exponential factor 0.85 
β, the angle between the director axis and 
the symmetry axis 70.5o 

χQ (kHz), quadrupolar coupling constant 167 
〈𝑃𝑃2〉, order parameter 1 
θ, the angle between the director axis and 
the B0 

90o 
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Both the T1Z and T1Q data measured at Larmor frequency of 77 MHz show that the 

relaxation time is the lowest at 7 oC (280 K). The MATLAB script developed in this 

laboratory calculates the T1Z relaxation rates using the derived motional models according 

to the conditions of the experiments, which are shown in Table 4.1. Therefore, the program 

simultaneously calculates the T1Z relaxation rates at various magnetic strengths.  

There was a problem in the simulation based on the rotational diffusion in an 

anisotropic model. I could not fit the T1Z and T1Q spin-lattice relaxation times 

simultaneously by using a single set of parameters. The T1Q relaxation time data that I tried 

to simulate were shown in Figure 4.4. Probably, we should have used a mixed model of 

jump and diffusion. Tang et al. said it is impossible to distinguish from continuous 

diffusion to jump model for the ring rotation. For future simulation, we could use a strong 

collision model for ring rotation and continuous diffusion for methyl rotation. 

The T1Z relaxation data of the hexamethyl-benzene-d18 molecule were measured in the 

polycrystalline solid-state. However, Pines et al. collected the data with the molecular axis 

oriented parallel to the main magnetic field. If the diffusion model is capable of explaining 

the experimental data, then the model is assumed to be valid.  Alternatively, the jump model 

can be applied to analyze the nuclear spin relaxation data to enable further comparison. At 

different Larmor frequencies of the deuterium nucleus, the relaxation rates are clearly 

different. Interestingly, however, the diffusion model is capable of explaining for the first 

time the full data set for the relaxation rates versus the inverse temperature, as shown in 

Figure 4.3.  
 
4.2.2 ANGULAR DEPENDENCE SIMULATION RESULTS OF HMB-d18  

This section presents the T1Z and T1Q spin-lattice relaxation time constants calculated 
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across the powder-type solid-state 2H NMR line shape spectra. As already noted above, the 

different parts of the powder pattern correspond to different orientations of the molecular 

frame with respect to the laboratory axes defined by the main external B0 magnetic field.  

Comparing the two relaxation rates T1Z and T1Q is another important test of the model for 

the molecular reorientation in the solid-state, i.e., continuous diffusion versus rotational 

jumps. Depending on the orientation of the molecular or director axis to the main magnetic 

field, the relaxation rates can be different, and their anisotropy gives a crucial test of the 

relaxation models as well as the functional form of the potential of mean force. 

Materials and methods 

For details about the program, which calculates the spin-lattice relaxation times at 

different angles, see sub-section 3.3. Notably, the spectral densities include the composite 

motion due to the ring and the methyl rotations.  
 

 
Figure 4.5. The T1Z and T1Q values for HMB-d18 plotted versus θ, which is the angle between 
the director axis and B0. Furthermore, the simulation assumes the diffusion in an 
anisotropic potential model. 
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Table 4.2. Standard parameters used for angular dependence simulation. The parameter 
applied to the benzene ring rotation. 

2P  β D  θ Qχ  (kHz) D D Dη    
0.850 90o varies varies 40 varies 

 
Results and Discussion 

Figure 4.5. presents the results of the T1Z and the T1Q NMR experiments, in which one 

compares the simulated data to the experimental data. In the figure, the theoretical 

prediction is in dashed line, and the experimental data are in dots. The T1Z and T1Q spin-

lattice relaxation times are calculated using the same set of parameters to achieve a unified 

picture for the reorientational dynamics. Table 4.2. shows the parameters. However, the 

diffusion model explains T1Z and T1Q simultaneously only when the temperatures are higher 

than 7 oC (280 K), which is the temperature where T1Z minimum occurs.  

The diffusion model explains the benzene ring rotation of the HMB-d18 molecule in the 

solid-state because the experimental points are close to the theoretical dashed line. From 

Figure 4.5., the T1Q spin-lattice relaxation times show that the ring rotation follows the 

diffusion in an anisotropic potential model. If the rotation were to follow the jump model, 

then 
1 ,90 1 ,0o oZ Z

T T  cannot be higher than 2. However, the ratio is 2.6 at 57 oC. However, in 

the case of the quadrupolar-order relaxation, the experimental 
1Q,90 1Q,0o oT T  shows 

1Q,90 1Q,0o oT T  increases from 0.129 (−3 oC) to 0.599 (−73 oC). The 
1Q,90 1Q,0o oT T is consistent 

for the jump model. Hence, in this temperature range, it appears that the jump model is 

incompetent to explain the experimental T1Q times.  

Furthermore, the methyl rotation of HMB-d18 at the low temperature shows the axial 

diffusion model best describes the methyl dynamics. The two data points, which were 
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collected at low temperatures, are on the fast-motional side of the methyl T1Z and T1Q 

minima, which occur at a lower temperature and are beyond the experimentally measured 

range. Nonetheless, the data at −143 oC (130 K) give a perfect example of the axial 

diffusion motion. First, the axial diffusion model predicts that the T1Q values at the fast side 

of the methyl relaxation minimum should show 
1Q ,0 1Q , 54.7 1Q ,90

: :o o oT T T  as 12:27:16. Going 

back to the experimental data, one sees that 
1Q , 90oT  is more significant than the 

1Q,0oT  

(0.081 s versus 0.064 s). Furthermore, the T1Q relaxation time at θ  = 50o (0.1179 s) is larger 

than the T1Q value for the θ = 0o and 90o orientations. In addition, at −153 oC (120 K), one 

also sees that 
1Q , 90oT  is more significant than the 

1Q,0oT  (0.081 s versus 0.077 s). Likewise, 

the T1Q value at θ = 50o (0.098 s) is larger than 
1Q , 90oT and 

1Q,0oT . For the methyl dynamics, 

the jump model can be ruled out definitely, because, at both of the temperatures, the 
1Q , 90oT

value is longer than the 
1Q,0oT relaxation time. 

 
4.3 CONCLUSION 

The diffusion in an anisotropic potential model explains the nuclear spin relaxation 

rates of HMB-d18 over a broad range of temperature. This chapter shows that consideration 

of both the methyl and phenyl rotational motions in terms of a composite model for the 

rotational dynamics explains the NMR relaxation results. In the context of the entire thesis, 

the phenyl ring rotation in HMB-d18 followed the diffusion in an anisotropic potential 

model, which is applied to the investigation of antiviral compounds in the powder samples 

in the subsequent chapters.  
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CHAPTER 5. THE 2H NMR STUDY OF RIMANTADINE-d3 

Introduction 

The chapter studies the rotation of the deuterated methyl group in rimantadine-d3, which 

is an important antiviral compound. The NMR experiments were the solid-state 2H NMR 

line shape together with the T1Z, and T1Q spin-lattice relaxation experiments. The program 

based on the theoretical diffusion model simulated the experimental results. Simulating the 

angular dependence data gave the parameters such as the quadrupolar coupling constant 

and the parallel and perpendicular components of the diffusion coefficient. 

 
Figure 5.1. Structure of rimantadine-d3. The methyl group of the molecule is isotopically 
labeled with deuterium (collaboration with Prof. J. Wang).  
 
5.1 LINE SHAPE AND RELAXATION MEASUREMENTS OVER A WIDE 
TEMPERATURE RANGE 

The chapter justifies the use of a model for rotational diffusion in an anisotropic 

potential of mean force to describe the rotational dynamics of the rimantadine molecule in 

the polycrystalline state. If there were wobbling in the methyl rotation, the actual frequency 

separation for the θ = 90o orientation of the two spectral branches would be less than 22 

kHz. The T1Z and T1Q spin-lattice relaxation time constants were measured from 25 oC (298 

K) to ‒173 oC (100 K) and simulated with the diffusion model. Furthermore, the T1Z and 

T1Q spin-lattice relaxation time simulations gave the spectral densities, 𝐽𝐽1(𝜔𝜔0) and 𝐽𝐽2(2𝜔𝜔0), 
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and the corresponding relaxation times thus enabling comparison of theory with 

experiment.  

Materials and Methods 

The rimantadine-d3 was generously provided by Prof. J. Wang of the University of 

Arizona. The solid-state 2H NMR spectra of the rimantadine-d3 were measured using a 

Bruker AMX500 spectrometer. Data were acquired at temperatures between 43 oC (316 K) 

to −173 oC (100 K). The BV-T1000 temperature controller from Bruker was used to 

measure the temperature inside the NMR probe. To check whether the temperature 

controller was reporting the correct temperature, one followed the procedures stated here. 

First, one set the temperature inside the NMR probe to the desired temperature. After 

setting the temperature, one waited for 30 minutes to ensure that the temperature inside the 

probe was uniform. Second, the temperature inside the probe was recorded by inserting a 

thermistor inside the probe through the hole, which was on top of the probe. The thermistor 

had an accuracy of ± 0.1 °C. Finally, the measured temperature was compared to the 

readout of the NMR temperature controller. It was found that the temperatures agreed to 

each other from −153 oC (120 K) to −3oC (270 K). The procedures for changing the 

temperature before the NMR experiments were the following. First, after setting the 

temperature controller to the desired temperature, one waited for 30 minutes to thermally 

equilibrate the rimantadine-d3 sample with the surroundings. The temperature was 

measured again after the experiment using the temperature controller to ensure that the 

temperature stayed the same during the NMR experiment. Finally, the temperature 

controller was accurate to a degree Kelvin. The output from the NMR probe was Fourier 

transformed using the MATLAB script, which was developed by the laboratory and was 
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discussed in more detail in sub-section 2.2.2. The MATLAB script Fourier transformed the 

time-dependent signal, which decayed quickly within 20 μs. When processing, the line 

broadening was fixed to 150 Hz. Thereafter, the solid-state 2H NMR spectral line shapes 

were simulated using another MATLAB script, which simulated the Pake patterns of solid-

state 2H NMR quadrupolar echo spectrum. 
 

 
Figure 5.2. The figure shows solid-state 2H NMR spectra for rimantadine-d3 at different 

temperatures. Simulated spectra and experimental spectra are shown. For the simulation, 

the residual quadrupolar coupling constant, Qχ , was 147 kHz, the asymmetry parameter, 

η, was 0.008, and the line broadening was 1.14 kHz.  
  



100 
 

 

 
Figure 5.3. Stacked 2H NMR line shapes for rimantadine-d3 at different temperatures.  The 

single quantum nuclear spin transitions ( Qv ) for the perpendicular orientation of the methyl 

three-fold axis to the magnetic field appear at ±18.3 kHz.  
 

The order parameter 〈𝑃𝑃2〉 of the methyl rotor axis of the rimantadine-d3 molecule in the 

powder sample is 0.877, 
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 .(5.1) 

The 2H NMR spectral line shape shows that the edges corresponding to the θ = 90o 

Temp. oC (K) 

‒163 (110) 
‒153 (120) 
‒143 (130) 
‒133 (140) 
‒123 (150) 
‒113 (160) 
‒103 (170) 
‒93 (180) 
‒83 (190) 
‒73 (200) 
‒63 (210) 
‒53 (220) 
‒43 (230) 
‒33 (240) 
‒25 (248) 
‒14 (259) 
‒3   (270) 
3     (276) 
14   (287) 
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orientation appear at ±18.3 kHz in the polycrystalline solid-state. For the deuterium that is 

the part of the aliphatic hydrocarbon, the value of 𝜒𝜒Q  is 167 kHz. The 𝜒𝜒Q  is the static 

quadrupolar coupling constant. The order parameter is obtained from the experimental 

frequency separation, ΔνQ, divided by the theoretical value assuming only the rotation of 

the methyl group about its three-fold axis. 

Results and Discussion 

Shown above are the results of the 2H NMR line shape experiments for rimantadine-d3 

at a series of different temperatures.  Figure 5.2. has both the experimental and simulated 

line shapes. Figure 5.3. also includes the spectral line shape in the stacked form without 

the simulated spectra.  

In obtaining the order parameter of the rimantadine-d3 methyl group within the crystal 

frame, there are two factors that scale the coupling. Effectively, one uses the closure 

property of the group of rotations as described above and in Ref.81 Because one measures 

the quadrupolar splitting between the edges for the two spectral branches, which are due to 

the deuteriums, whose methyl axis is oriented at θ = 90o to the main magnetic field, there 

is the factor of − ½ in the denominator of Eq. (5.1). Furthermore, the denominator 

decreases even more to account for the methyl rotation yielding the factor of −1/3 in Eq. 

(5.1). However, if there were to be an additional free or restricted rotation about the C−C 

bond to the rimantadine-d3 substituent (see Figure 5.1.) then the residual quadrupolar 

splitting would be further decreased by a factor of (2) o
00 (70.5 ) 1/3D =−  giving a value of ±7 

kHz contrary to experimental observation. Consequently, the order parameter value is only 

0.877 either because there is high-frequency wobbling of the methyl rotor axis relative to 

the crystal frame, or alternatively restricted small-amplitude liberations about the C−C 
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bond of the rimantadine substituent with respect to the cage. The wobbling is a fast motion 

compared to the static quadrupole coupling constant (> 2×105 s-1) and characterizes the 

fluctuations of the methyl axis from its average orientation. Consequently, the static 

quadrupolar coupling constant is reduced to a residual coupling constant given by 〈𝜒𝜒Q〉 = 

(167 kHz) (0.877) = 146 kHz which is not very different from the value of 〈𝜒𝜒Q〉 used in the 

relaxation time calculations. Finally, from Figure 5.3., one should note that the frequency 

separation between the prominent spectral edges stays nearly the same regardless of the 

temperature. Even at a temperature as low as −173 oC (100 K), the methyl group motion 

is still faster than the quadrupolar coupling (> 5×104 s-1). If the methyl axis were to itself 

rotate about the C–C bond of the rimantadine substituent as could be pictured from the 

structure shown in Figure 5.1., then as already noted the quadrupolar splitting would 

decrease by another factor of three.  An important conclusion, therefore, is that the 2H NMR 

quadrupolar splitting value only shows the rotation of the methyl group, but not the rotation 

of the methyl axis about the symmetry axis of the adamantane cage. However, because the 

methyl axis wobbles, the order parameter value is less than one. 
 
5.1.1 THE T1Z RELAXATION TIME MEASUREMENTS 

The first relaxation experiment to be presented is T1Z relaxation measurement. As 

mentioned in chapter 2.2, this experiment observes the change in the spin-up (angular 

momentum parallel to the magnetic field) and the spin-down ( angular momentum 

antiparallel to the magnetic field) populations. The exponential rate of change in the 

intensity is quantified by the spin-lattice T1Z relaxation time.  

Materials and Methods 

Using the Bruker AMX500 spectrometer, T1Z spin-lattice relaxation times of the 
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rimantadine-d3 were measured. Spin-lattice relaxation rates were obtained between 43 oC 

(316 K) and −173 oC (100 K). The BV-T1000 temperature controller from Bruker was 

used to measure the temperature. Therefore, the sensor, which was placed near the sample 

inside the NMR probe, reported the temperature to the controller. It was checked that the 

controller was accurate within a degree Celsius. Furthermore, the d1 delay time is 5×T1Z, 

which was estimated from the trend in the T1Z versus temperature plot. The T1Z changed 

with temperature and was unknown before the start of the temperature.  
 

 
Figure 5.4. The figure for rimantadine-d3 shows the plot of the ln (T1Z×103 s-1) vs. 1/T (left), 
and the representative partially-relaxed 2H NMR spectra for the T1Z spin-lattice relaxation 
experiment at T = 14 oC (right).  At the left, the graph shows a minimum at ‒104 oC (169 
K). 
 
Results and Discussion  

Presented above is the graph of the T1Z relaxation time versus inverse temperature plot, 

and an example of the partially relaxed solid-state 2H NMR spectra from the inversion-

recovery T1Z spin-lattice relaxation experiment. From Figure 5.4, one can see that the T1Z 

minimum for rimantadine-d3 occurs at ‒104 oC (169 K). At the temperature of the T1Z 
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minimum, the following equation holds, 𝜔𝜔0𝜏𝜏𝑐 ≈ 1, which means that the product of the 

Larmor frequency and the correlation time is unity. The correlation time is for the rotational 

motion of the methyl group about its three-fold axis. 

This section has presented the T1Z relaxation times versus the inverse temperature data 

for rimantadine-d3 in the polycrystalline solid-state. There is a clear T1Z minimum at −106 

oC (169 K). For HMB-d18, it is at a much lower temperature and falls outside the measured 

range. Moreover, the T1Z relaxation time versus inverse temperature plot shows a change in 

slope at −25 oC (248 K). The continuous rotational diffusion model also predicts the 

change in slope as further discussed below. From Figure 5.4., the activation energy 

determined from the slope of the ln T1Z versus inverse temperature plot was 12.3 kJ/mol. 

The T1Z data showed a diminished growth with temperatures lower than −133 oC (140 

K), and the explanation could be the following. The methyl group had to overcome a 

rotational energy barrier, and whether the methyl group rotated depended on the thermal 

energy. The formula by Vugmeyster et al. showed the temperature where the cessation of 

the increase in the T1Z time occurred.30 They solved for the temperature using the equation, 

0 22,V RT  where 1 18 .3145 J m ol K  R     . They said 13 kJ/mol was a typical value for 

methyl group in terms of V0. The intra-well dynamics, which occurred independently of 

the temperature, caused the spin-lattice relaxation of the Zeeman order. Finally, for the 

delay list, we excluded the zero-time value because the π⁄2 pulse right after the π pulse 

caused stimulated emission. The only way to obtain the intensity at time zero was to 

extrapolate it using the intensities from other delays. 
 
5.1.2 THE T1Q RELAXATION TIME MEASUREMENTS 

The second NMR relaxation experiment was the spin-lattice relaxation of the 
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quadrupolar order. This relaxation experiment was also called the T1Q spin-lattice 

measurement. The T1Q relaxation times were inversely proportional to 𝐽𝐽1(𝜔𝜔0) and allowed 

one to separate motions of slower time scales from those contributing to the higher 

frequency spectral density, 𝐽𝐽2(2𝜔𝜔0), that also affected the T1Z relaxation time.  

Materials and Methods 

The T1Q spin-lattice relaxation times of rimantadine-d3 in the polycrystalline solid-state 

were measured at different temperatures ranging from 43 oC (316 K) to −165 oC (108 K). 

Like the T1Z experiment, the free induction decays (quadrupolar echoes) from the different 

delay times were Fourier transformed to obtain the partially relaxed spectra, as shown in 

Figure 5.5. Furthermore, zero or very long delays were excluded.   
 

 
Figure 5.5. The figure for rimantadine-d3 shows the experimental ln (T1Q×103) versus 1/T 
plot (left), and an example of the partially-relaxed spectral line shapes for the quadrupolar 
order experiment at T = −33 oC (right). The T1Q time shows a minimum when the 
temperature is −113 oC (103/T = 6.25 K-1). 
 
Results and Discussion  

Presented in Figure 5.5. at the left is the ln T1Q versus the inverse temperature graph of 
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the rimantadine-d3. Also, we note that the 2H NMR line shape spectra show that the θ = 90o 

edges and the shape of the Pake powder pattern remain nearly unaltered at ±20 kHz for all 

temperatures over the same range.  

The T1Z or T1Q relaxation time constant was at a minimum at −113 oC (160 K) and 

−103 oC (170 K), respectively. From fitting ln T1Q vs. 1/T plot to a linear line, the activation 

energy was 12.3 kJ/mol. In the extreme motional limit, researchers found that the T1Q 

relaxation times showed the Arrhenius behavior.92 Interestingly, simulation using the 

diffusion in an anisotropic potential model revealed that the activation energy was 15.2 

kJ/mol. 

The Jeener-Broekært experiment shows that the intensity of the negative side of the 

spectral line shape is positive, and the intensity of the positive side is negative.  Using the 

spin density matrix elements, 1ρ  , 0ρ , and 1ρ  , the opposite intensities can be 

interpreted as the following. The transition from 0ρ  to 1ρ   states shows up in the 

negative side of the spectral line shape, while the transition from 0ρ  to 1ρ   states shows 

up in the positive side of the spectral line shape. The T1Q experiment measures the rate of 

decay in the quadrupolar-order, which is   1 0 12Q t ρ ρ ρ    . Analogously, in the 

spin ½ systems, one can measure relaxations in the Zeeman and the dipolar order.93  
 
5.2 A TEST OF THE FREE DIFFUSION MODEL 

Chapter 3 covers three different models of the reorientational motions. The first model 

for the rotational dynamics is the axial diffusion model, and the second is the jump model. 

The third model is the diffusion in an anisotropic potential model. In this test of the 

diffusion in an anisotropic potential model, the theoretical T1Z and T1Q relaxation rates were 

calculated at different temperatures. The methyl rotor axis was set to θ = 90o to the main 
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magnetic field for the calculation.     
 
5.2.1 RELAXATION RATES VS. 1/T SIMULATED BY THE FREE DIFFUSION MODEL 

In this section, the T1Z relaxation times were simulated using the rotational diffusion in 

an anisotropic potential model. The orientation of the methyl axis wobbled with time. The 

rotational diffusion equation described the change in its orientation. One can then predict 

the T1Z and T1Q relaxation times at different temperatures from the calculated values of the 

irreducible spectral densities of motion. Finally, the model is assumed to be applicable if 

the calculated relaxation rates match the experimental values as a function of temperature, 

frequency, and crystal orientation within the laboratory frame.   

Materials and Methods 

For the diffusion in an anisotropic potential model, the non-linear regression fitting 

method was used for the analysis of the relaxation rate versus the inverse of the temperature 

data. The activation energy and pre-exponential factor of diffusion constant were based on 

the nonlinear least-squares fitting of the diffusion coefficients. The fixed parameters were 

B0, 〈𝑃𝑃2〉, θ, and β. The program of the Brown group gave the parameters that minimized 

the sum of deviations squared (χ2) and gave the uncertainties as well. The jump model also 

simulated the angular dependence data The program EXPRESS from the Vold and Hoatson 

group was used for the simulation based on the jump model.72 Finally, the jump model 

simulation was compared to the axial three-site jump, which was a modified version of the 

diffusion model.92, 94 
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Figure 5.6. The figure for rimantadine-d3 shows the ln T1Z versus inverse temperature plot. 
The theoretical T1Z calculations were made using the jump (left) and diffusion (right) 
models. The diffusion model refers to the axial threefold jump model. 
 

 
Figure 5.7. For rimantadine-d3, the figure shows the ln T1Q versus inverse temperature plots. 
The theoretical T1Q simulations were made using the jump (left) and diffusion (right) 
models. The diffusion model refers to the axial threefold jump model. 
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Table 5.1. Parameters used to simulate the T1Z and T1Q spin-lattice relaxation data for 
rimantadine-d3. The diffusion model refers to the axial threefold jump model.  

 

 
Figure 5.8. Simultaneous fitting of the spin-lattice (left) and quadrupolar-order (right) 

relaxation times of rimantadine-d3 using the rotational diffusion in an anisotropic potential 

model. The figure shows the T1Z (left) and the T1Q (right) results. Parameters are the 

following: Ea is (15.2±0.1) kJ/mol, ratio parallel to perpendicular diffusion constant is 500

±10, 𝐷𝐷∥,0 , pre-exponential factor, is (1.46±0.01)×1013 𝑠𝑠−1 , the residual quadrupolar 

coupling constant, Qχ , is (140±6) kHz, and the order parameter, 〈𝑃𝑃2〉, is 0.88. 
 
Table 5.2. Standard parameters used for the rotational diffusion in an anisotropic potential 
simulation. 

2P  β ,0D  ( 1s ) Ea ( kJ/mol) Qχ  ( kHz) θ D D Dη    
0.88 90o (1.46±0.01)×1013 15.2±0.1 140±6 90o 500±10 

 Jump Model Diffusion Model 
Ea (kJ/mol), the activation energy of the rotation 11.73 13.53 

𝜂𝜂� = D∥/D⊥, the ratio of parallel to perpendicular 
components of the diffusion constant 

N/A 1×106 

k0 (s‒1) or D∥, 0 (s−1), pre-exponential factor 1.2×1012 4.03×1012 

β, the angle between the methyl axis and the principal axis 
of quadrupolar coupling tensor 

70.5o 70.5o 

〈𝜒𝜒Q〉 (kHz), residual quadrupolar coupling constant 147 140 

〈𝑃𝑃2〉, order parameter N/A 0.88 

θ, the angle between the methyl axis and the B0 90o 90o 
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Results and Discussion 

Presented above are the spin-lattice relaxation time constants versus inverse 

temperature data for the antiviral compound rimantadine-d3 in the polycrystalline solid-

state. Furthermore, the comparison of alternative models is made in this chapter. First, 

Figure 5.6. and Figure 5.7. show the simulations of the jump and axial diffusion models. 

First, the parameters in Table 5.1. yields the T1Z at different temperatures, and the goal is 

to make the calculated T1Z values as close to the experimental values as possible.  However, 

both the jump and axial diffusion models are insufficient to explain the T1Z and T1Q 

experimental data simultaneously. However, diffusion in an anisotropic potential model 

best simulates the experimental data. About the T1 versus inverse temperature curve, 

meanwhile, the jump model yields a parabolic curve, the axial diffusion model shows a 

bending in the curve in the fast motion regime. Finally, as described in detail below, there 

is an additional bending in the curve in the fast side of the diffusion in an anisotropic 

potential model.   

The rotation of the methyl group is unexplainable using the jump model. This chapter 

also shows a simulation of the relaxation times using the jump model and the residual 

quadrupolar coupling constant. The order parameter is 0.88, and the spectral line shape 

gives the value. The axial diffusion model is better than the jump model because as can be 

seen from Figure 5.6., at minimum, the theoretical T1Z value for the diffusion is longer, 

and matches the experimental data better. In Figure 5.7., the EXPRESS’ T1Q relaxation 

results are much longer than the experimental T1Q values. The discrepancy in T1Q results 

also indicates that the methyl group in rimantadine-d3 follows the axial diffusion model 

better.  
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On the other hand, as shown in Figure 5.8, the rotational diffusion in an anisotropic 

potential model best explained the motion of the methyl group in rimantadine-d3. The ratio 

between the parallel to the perpendicular diffusion coefficients was 5.0×102. The order 

parameter from the line shape experiment suggested the nonzero perpendicular diffusion 

coefficient. Both the pre-exponential factor of the diffusion constant, 𝐷𝐷∥,0 , and the 

activation energy of the methyl rotation were much higher than that of HMB-d18 (0.85 s−1 

and 6 kJ/mol). While the HMB-d18 data had only two data points, the simulation had more 

parameters and redundant degrees of freedom. The parameters used for the rotational 

diffusion in an anisotropic potential simulation are presented in Table 5.2.  

For the anisotropic diffusion model simulation, there is bending in the graph. The 

bending happens when the 𝜂𝜂� is high. So, not only there is a minimum at −103 oC (170 K), 

but also there is bending at −25 oC (248 K). The value of 𝜂𝜂� is 500. First, referring to one 

of the reference plots, Figure 3.5., shows when the 〈𝑃𝑃2〉 is 0.9 and 𝜂𝜂� is one, there are two 

minima. This is because there is a summation from n = −2 to 2 in the correlation function 

defined in the laboratory frame, Gm(t). Furthermore, the discussion after the figure 

mathematically proves the temperature difference between the minima is small. The T1Z 

indicates a minimum whenever 𝜔𝜔0 = 𝜏𝜏𝑚𝑛
−1 , where 𝜔𝜔0 is the Larmor frequency. Still, for 

large 𝜂𝜂�values, the correlation times 𝜏𝜏𝑚𝑛 differ appreciably, because 𝜏𝜏𝑚𝑛 depends on the 

product of 𝜂𝜂�, 𝐷𝐷⊥, and the square of the n index. Therefore, if the diffusion anisotropy 𝜂𝜂� 

is high, then the temperature difference between where the minimum and bending of the 

plot occur increases. 

Finally, the fitting result disagrees with the experimental result at very low 

temperatures. An additional model is needed to explain the T1Z relaxation times of the 
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rimantadine-d3 at temperatures below −113 oC (160 K). 
CHOICE OF COUPLING CONSTANT 

This section gives two reasons for the choice of coupling constant, which is used to 

simulate the T1Z and T1Q results in Figure 5.8. First, the nonlinear regression fitting, which 

considers deviations in data, shows that the quadrupolar coupling constant, 𝜒𝜒Q , that 

governed the relaxation should actually be a residual coupling constant, i.e., it is pre-

averaged by the relatively fast librations of the methyl three-fold axis with a value of 〈𝜒𝜒Q〉 

= (140±6) kHz. Residual quadrupolar coupling constant, 〈𝜒𝜒Q〉, is defined as  Q 2 PLPχ Ω . 

For the axially symmetric systems, one used the closure rule to get multiple coordinate 

transformations, so the 〈𝜒𝜒Q〉 is            2 2 2
Q 00 PI 00 ID 00 DLD D Dχ Ω Ω Ω . First coordinate 

transformation was from the electric field gradient tensor (EFG) to the methyl axis. The 

second transformation was from the methyl axis to the director axis. The third 

transformation was from the director axis to the laboratory axis. Here, one uses the angles 

of the first and third transformations as 70.5o and 90o, respectively. The angles are known 

as the time-independent angles. Nonetheless, the time-averaged angle, ΩID, is small 

between methyl and average director axis. The angle decreases χQ by a factor of 0.88. The 

second reason is that if one used the reduced quadrupolar coupling constant, 〈𝜒𝜒Q〉, of 147 

kHz, as used for the jump model, the experimental T1Z relaxation time would be much 

higher than the theoretical T1Z value at the minimum, because the T1Z and T1Q times were 

inversely proportional to the square of the 𝜒𝜒Q coupling constant. Nonetheless, the currently 

used residual quadrupolar coupling constant could be made slightly higher because the 

experimental T1Z minimum was lower than the value calculated from the theory. One could 

obtain a residual coupling constant, 〈𝜒𝜒Q〉, of 147 kHz by multiplying the order parameter, 
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0.88, by the static quadrupolar splitting value, 167 kHz. 
 
5.2.2 ANGULAR DEPENDENCE STUDY OF THE RELAXATION ANALYSIS 

Next, the orientational dependence of the nuclear spin relaxation rates across the 

powder-type spectra was analyzed. The advantage of studying randomly oriented powders 

is that one can obtain the angular anisotropy for all the orientations simultaneously in a 

single experimental series, without the added complication from systematic errors in the 

case of aligned crystals. The relaxation data presented up to this point are relevant to the 

𝜃𝜃 = 90o orientation (so-called spectral edge). One measures the T1Z times at the edges, 

which occur near ±18 kHz for rimantidine-d3 in the powder sample. However, this section 

presents the T1Z relaxation time analysis at other frequencies that correspond to various 

orientations of the crystallites within the powder samples. The angular dependence study 

was done to gain additional information from the quadrupolar echo spectra. Because of the 

quadrupolar splitting frequency, Δ𝜈𝜈Q , is proportional to the second-order Legendre 

polynomial, one can use the following equation, 

  
2

Q Q 2
3 3cos 1cos
2 2

P θυ χ∆ Θ
     

 .(5.2) 

In the above equation, θ is the angle between the methyl axis and the main magnetic field, 

and Δ𝜈𝜈Q is the frequency separation between the peaks. The value of Θ is 70.5o for a methyl 

group and is the supplement of the tetrahedral angle. One notices that the values of the 

quadrupolar splitting, Δ𝜐𝜐Q , for θ = 35.3o and 90o are the same. Importantly, however, the 

relaxation times for the θ = 35.3o and 90o orientations are different. 

The angular dependence study obtained the 𝜂𝜂� = 𝐷𝐷∥ 𝐷𝐷⊥⁄  and the parallel component 

of the diffusion coefficient, 𝐷𝐷∥. Rest of the parameters, which were residual quadrupolar 
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coupling constant, 〈𝜒𝜒Q〉, the order parameter, 〈𝑃𝑃2〉, and the angle between the C‒D bond 

and the methyl axis, β, were from Table 5.1., which was the result of the T1Z relaxation 

time constant simulation. Previously, the calculation was done for the θ = 90o orientation 

(corresponding to the spectra edges). However, for the angular dependence study, θ varies 

from 0o to 90o. Finally, the angular dependence simulation gave two parameters, 𝜂𝜂� and 

𝐷𝐷∥, which followed the Arrhenius equation, 

 ,0

aE
RTD D e



   and ,0

aE
RTD D e


   .(5.3) 

Finally, the activation energy, Ea, as well as the pre-exponential factor, 𝐷𝐷∥,0 , can be 

obtained from the parallel component of the diffusion coefficient, 𝐷𝐷∥ , at different 

temperatures.  

Materials and Methods 

The theoretical models for T1Z and T1Q spin-lattice relaxation times together with the 

experimental results from the previous section were used. However, the script, which is 

explained in chapter 3.3, was used to calculate the T1Z and T1Q relaxation times across the 

quadrupolar echo 2H NMR spectra of the polycrystalline samples. As noted above the edges 

of the powder spectra occurred at around ±18 kHz in all cases. 

The programs based on the two motional models described above were used to simulate 

the angular dependence data. For the diffusion in an anisotropic potential model, the 

nonlinear regression method used the program from the Brown laboratory and the optimal 

values of 𝐷𝐷⊥ and 𝐷𝐷∥ 𝐷𝐷⊥⁄  were obtained. Table 5.3. and the appendix listed the values. After 

the fitting, it was checked whether the diffusion coefficients, 𝐷𝐷∥, showed an Arrhenius 

behavior. Furthermore, the data were also simulated with the jump model using EXPRESS, 

which was a program for solid-state 2H NMR from the Vold and Hoatson group.72 
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Figure 5.9. Plots of the T1Z spin-lattice relaxation times of the spin-lattice (left) and 
quadrupolar-order (right) for rimantadine-d3 versus the angle, θ, between the methyl axis 
and B0 at various temperatures. For simplicity, the high temperature (left) and low 
temperature (right) are plotted separately. One sees that the T1Z time constants are the 
lowest at −103 oC (170 K). 
 

 
Figure 5.10. Plots of the T1Q spin-lattice relaxation times for rimantadine-d3 versus the 
angle, θ, between the methyl axis and B0 at various temperatures. For simplicity, the figure 
separates the high temperature (left) and low temperature (right). The temperature where 
the T1Q minimum occurs is −113 oC (160 K). 
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Figure 5.11. Simulated angular dependent T1Z spin-lattice relaxation data for rimantadine-
d3 at selected temperatures. Simulation results for the jump (left) and diffusion (right) 
models are shown by dashed lines.  
 

 
Figure 5.12. Simulated angular dependent T1Q spin-lattice relaxation data for rimantadine-
d3 at selected temperatures. The simulation uses the jump (left) and the diffusion (right) 
models. This simulation uses the same parameters from the T1Z simulation. 
 
Table 5.3. Parameters for rimantadine-d3 used for the T1Z and T1Q angular dependence 
simulations. Details are in appendix C.  

2P  β θ Qχ ( kHz) D D Dη    ,0D  ( 1s ) Ea ( kJ/mol) 
0.88 70.5o varies 149 2.2±0.5 1.95 × 104 11.1 
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Figure 5.13. The T1Z simulation results for rimantadine-d3 using the diffusion model. Each 
panel is for different temperatures. All the figures are plotted on the same scale for 
comparisons. 
  

(306 K) 

(287K) (250 K) 
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Figure 5.14. The T1Q simulation results rimantadine-d3 using the diffusion model. Each 
panel is for different temperatures. All the panels are plotted on the same scale for 
comparisons. 
 
Results and Discussion 

The first two plots, which are Figure 5.9. and Figure 5.10., only show the experimental 

results at high and low temperatures. The first figure shows the T1Z relaxation time 

measurements, and the second figure shows the T1Q relaxation time measurements.   

The T1Z and T1Q angular dependence simulation results are shown in Figure 5.11. and 

Figure 5.12. The standard parameters used to do the angular dependence simulation for 

the rotational diffusion in an anisotropic potential model are shown in Table 5.3. The 

standard settings are from the line shape experiment and the simulating the T1Z vs. 1/T plot. 

Finally, Figure 5.13. and Figure 5.14. show the simulation results of rotational diffusion 

(306 K) (287 K)  (244 K) 

(250 K) (220 K) (210 K) 

(190 K) 

33 oC 14 oC −29 oC 

−23 oC −53 oC −63 oC 

−83 oC 
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in an anisotropic model but separated by different temperatures. 

The angular dependence data confirmed that for rimantadine-d3 the rotation of the 

methyl group follows the diffusion in an anisotropic potential model.  To the left of Figure 

5.11. and Figure 5.12. are the simulation results using the jump model and to the right are 

the simulation results using the diffusion model. The angular dependence simulation results 

show that the rotational diffusion in an anisotropic model better explains the rotational 

motion of the methyl group. Furthermore, a single set of parameters explains the T1Z and 

T1Q data. In Figure 5.12., which is a T1Z relaxation time versus θ plot, there is a discrepancy 

in the rotational diffusion in an anisotropic potential simulation when the θ is 40o. This is 

because the simulation based on the rotational diffusion in an anisotropic model lacks the 

feature, which averages the T1Z relaxation rates over the possible angles of θ. For example, 

the Pake pattern only shows the combined information of the deuteriums, where the 

deuteriums are the part of the methyl group, which axes are oriented either θ = 35.3o or 90o 

to the main magnetic field. Therefore, because the Pake pattern shows the combined 

information and the T1Z and T1Q relaxation times are measured from the Pake pattern, one 

should take the average due to θ = 35.3o and 90o orientations. On the other hand, the 

EXPRESS program, which was based on the jump model, already reported the average of 

T1Z times due to 35.3o and 90o orientations. Despite the minor problem in the angular 

dependence study of the T1Z results, Figure 5.12. shows that the rotational diffusion model 

simulates the T1Q results much better than the jump model.   

Even though the result of the diffusion model was significantly better than the result of 

the jump model, the diffusion model also had some problems. The first problem was that 

the pre-exponential factor, 𝐷𝐷∥,0, of the parallel component of the diffusion coefficient, 𝐷𝐷∥ =
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𝐷𝐷∥,0𝑒𝑒−𝐸𝑎 𝑅𝑇⁄ , did not match the result of Figure 5.8., which was the ln T1Z versus 1/T 

simulation at perpendicular (θ = 90o) orientation. The pre-exponential factor, 𝐷𝐷∥,0 , at 

perpendicular (θ = 90o) orientation, was 1.46× 1013 s−1. However, based on the Arrhenius 

behavior of the parallel component of the diffusion coefficient, 𝐷𝐷∥, the pre-exponential 

factor was only 1.95 × 104 s−1. The pre-exponential factors were different because the 

angular dependent simulation assumed all the T1Z data were in the slow-motion side the T1Z 

minimum (long correlation time). In Figure 3.6., which was a reference plot and shows θ 

dependence of T1Z times, the diffusion in an anisotropic potential model showed that T1Z 

only depended on θ for long correlation times, that was to say when the temperature is low. 

As a result, the decrease in 𝐷𝐷⊥, the perpendicular component of the diffusion constant, 

increased the T1Z constant. However, the slopes of the ln T1Z versus inverse temperature 

plot on both sides of the T1Z minimum were equal. The ln 𝐷𝐷⊥, i.e., of the perpendicular 

component of the diffusion coefficient was proportional to the negative of the inverse of 

the temperature. Furthermore, the diffusion tensor anisotropy, 𝜂𝜂�, which had an average of 

2.2±0.5, only varied a little with the change in temperature. 

The second problem with the rotational diffusion in an anisotropic potential model was 

that the simulation could only simulate the results above −83 oC (190 K). Below −83 oC 

(190 K), the results of the angular dependence fitting of rimantadine-d3 relaxation times 

were unexpected. Moreover, even the simulation of the HMB-d18 angular dependence data 

showed the same problem. As shown in Figure 4.4., For HMB-d18, the angular dependence 

data were only available at temperatures above 7 oC. The simulation also failed to explain 

the T1Z versus angle below −83 oC because the angular dependence went away in the 

reference plot as the correlation time, τ00, shortened. Figure 3.6, which was the reference 
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plot, showed log T1Z versus − logτ00. For this angular dependence study, increase in 

temperature decreased 𝐷𝐷∥. The result here contradicted the statements made earlier on the 

temperature dependent data analysis. There were three contradictions. First was that 

different diffusion constants were used in the earlier section. The second was that the 

activation energies were different (15 kJ/mol versus 11 kJ/mol). The third was that the 𝜂𝜂� 

were different as well (500 versus 2.2). The reason why the results were contradicting was 

that the procedures for the temperature-dependent and the angular dependence studies were 

different. The ratio that explained the temperature-dependent analysis was not able to 

explain the T1Z data at θ=90o and 0o simultaneously. Importantly, as mentioned earlier, one 

forcefully explained the angular dependence study only by using the diffusion constants 

relevant to the slow side of the T1Z minimum.  
 

5.3 CONCLUSION 

The 2H NMR line shape experiment showed a decreased order parameter for 

rimantadine-d3 in the polycrystalline solid-state. The quadrupolar coupling is averaged 

mainly by the spinning of the methyl group about its three-fold axis, potentially with 

additional torsions oscillations of restricted amplitude about the C−C bond of the 

substituent to the rimantadinyl cage. Further information about the molecular motions 

occurring in the solid-state come from comparing the theoretical and experimental results 

for the T1Z and T1Q relaxation times.  The rotational diffusion in an anisotropic potential 

model was able to explain the composite rotational dynamics of the methyl group.  What 

is more, the jump model was unable to explain the relaxation times fully. For the diffusion 

model, the off-axial motion of the methyl axis yields a further decrease of the frequency 

separation between the edges beyond that from the three-fold methyl spinning. The future 
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direction is to explain the relaxation rates at very low temperatures, where the experimental 

T1Z was lower than theoretical T1Z.  Given that the oscillations of restricted amplitude about 

the C‒C bond are significant, rotational diffusion in an anisotropic potential model can 

explain the lower temperature behavior of the T1Z relaxation time results. The T1Z minimum 

at −153 oC (120 K) is longer than the T1Z minimum at −103 oC (170 K) because compared 

to the parallel motion, the perpendicular motion is less significant. One compares the 

perpendicular and parallel motions at different temperatures because, at −103 oC (170 K), 

the motional time scale of the parallel motion matches the inverse of the Larmor frequency 

and causes relaxation in the nuclear spin. Researchers also have studied how the tunneling 

affects the nuclear spin relaxation times at low temperatures using NMR. Tunneling 

happens in methyl groups.95-100  

In the context of the thesis, the solid-state 2H NMR relaxation experiments for 

polycrystalline powder samples of the antiviral drug rimantadine-d3 revealed aspects of the 

dynamics in the solid-state that cannot be obtained by conventional X-ray crystallography. 

The analysis of the rotational dynamics reveals how the parallel and perpendicular 

components of the diffusion coefficient of the methyl group correspond to the composite 

rotational dynamics in the solid-state. Just by looking at the chemical structure, one cannot 

tell these results. Moreover, X-ray crystallography gives one the static molecular structure, 

which emphasizes the unique information that is obtained from our new and pioneering 

solid-state NMR approach.  
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CHAPTER 6. THE 2H NMR STUDY OF AMANTADINE-d15 

Introduction 

The solid-state 2H NMR experiments for amantadine-d15 revealed the molecular 

motions that occur in the polycrystalline state.  By contrast, X-ray crystallography gives 

only a time-averaged static structure and does not provide any information about the 

molecular motions beyond the Debye-Waller factors.  At temperatures above ‒16 oC (257 

K), the 2H NMR spectra of amantadine-d15 revealed two Pake patterns on account of the 

cage motion. Deuteriums with their C‒2H bonds parallel to the molecular axis were 

responsible for the edges near ±60 kHz. Furthermore, the edges around ±20 kHz were due 

to deuteriums of the C‒2H bonds oriented at 109.5o or 70.5 o to the symmetry axis, which 

is designated as MZ


in Figure 6.1. Finally, from the structure of amantadine-d15, twelve C‒

2H bonds were oriented at 109.5o, and three C‒D bonds were oriented at 180o (equatorial) 

to the rotational axis. Theoretically, the intensity of the ±20 kHz edges due to the 109.5o 

orientation should be four times that of the ±60 kHz edges due to the 180o orientation.  

Consequently, one is immediately able to interpret the solid-state 2H NMR spectra in terms 

of the molecular rotations that occur in the polycrystalline solid-state.  As we show below, 

important new information about the rotational dynamics is obtained from the solid-state 

2H NMR relaxation experiments, which provide additional information about the molecular 

properties as well as afford an important further test of the conceptual framework and 

theoretical formulation put forward to experimentally account for the molecular dynamics 

in the antiviral compounds of interest. 

Researchers Hong et al. have previously applied solid-state NMR spectroscopy to study 

the interaction between the influenza proton channel and the amantadine-d15. They 
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measured the 2H NMR spectra of the amantadine-d15 compound bound to DMPC lipid 

bilayers in the absence of the M2 ion channel protein at ‒30 oC (243 K), ‒10 oC (260 K), 

and 30 oC (303 K).  When bound to the lipid bilayer, the amantadine-d15’s adamantyl cage 

interacted with the hydrophobic lipid tails, while the drug’s amine group was hydrogen-

bonded to the phosphate of the lipid head groups. At ‒30 oC (243 K), the 2H NMR spectrum 

of amantadine inside the DMPC bilayer showed edges at ±18 kHz and ±63 kHz meaning 

that the amantadine liquid-crystalline phase transition temperature of the DMPC was 22.5 

oC (296 K).101 Furthermore, at 30 oC (303 K), the frequencies were halved to ±9 kHz and 

±29 kHz because the molecule’s symmetry axis rotated with respect to the membrane 

normal, such that its average alignment was either 37o or 80o from the normal direction 

(director axis n) as shown in Figure 6.1. e.  

However, when Hong et al. introduced the amantadine-d15 antiviral drug into the M2 

channel, they saw multiple edges at ±9 kHz, ±18 kHz, and ±58 kHz and concluded that 

only 10% of the amantadine partitioned into the bilayer whereas the other 90% was located 

in the AM2 channel. Earlier, other researchers found that amantadine-d15 was located inside 

the pore while rimantadine was outside the channel and located near the C-terminal end of 

the channel.102 Finally, from Figure 6.1. c., when Hong et al. put more amantadine-d15 and 

made the ratio of the drug to channel equimolar, the amantadine showed edges at ±29 kHz. 

The appearance of the edges at ±29 kHz meant two things. First was that amantadine-d15 

bound to the peripheral site of the M2 channel. What solution NMR showed was that 

rimantadine rotated with the molecular axis tilted 80o to 𝒏𝒏 when it was bound outside the 

channel.102 Secondly, solid-state 2H NMR showed that it was more favorable for 

amantadine-d15 to be in the channel lumen than in the peripheral site because the intensity 
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ratio between the edges at ±29 kHz and ±18 kHz was 1:9. Because amantadine-d15 in the 

peripheral site not only interacted with the hydrophobic part of the protein but also with 

water, energetically favorable location for amantadine-d15 had to be inside the channel. 

Therefore, the edges at ±29 kHz were due to the amantadine-d15 at the peripheral site of the 

channel.   

Besides, they decided the percentage from the ratio of the two intensity values when 

amantadine-d15 was inside the lipid bilayer or within the M2 ion channel protein. The 

molecule that stayed inside the channel was rotated with its principal (rotational) axis tilted 

13o to the B0, which is the external magnetic field because the ±58 kHz edges were narrower 

than the value of ±63 kHz for parallel alignment. Finally, the amantadine-d15 molecule 

inside the M2 channel also showed the 0 kHz isotropic peak. The small fraction (~12% at 

303 K) of amantadine-d15 undergoing large-angle tumbling inside the channel created the 

isotropic peak. It was also possible that the amantadine-d15 molecule was near 54.7˚ from 

the membrane normal. Clearly, much remains to be done to understand the interactions of 

this important antiviral compound with the influenza virus M2 ion channel protein in the 

membrane-bound state. 
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Figure 6.1. Example of solid-state 2H NMR spectra of amantadine-d15 in DMPC bilayers 
at different temperatures and amantadine/peptide molar ratio. (a) In the absence of the AM2 
channel, there are two spectral edges due to θ = 90o bilayer orientation. The two edges at 
30 oC (303 K) have a 1:3 frequency ratio and 4:1 intensity ratio.  (b) Amantadine / peptide 
molar ratio 1:4. Calculated spectrum reproduces the experimental 30 oC (303 K) spectrum. 
The 1:9 combination of the lipid-bound 30 oC (303 K) spectrum and the peptide-bound 10 
oC (283 K) spectrum was used to produce the calculated spectrum. (c) Amantadine/peptide 
molar ratio 4:4. Calculated spectrum uses the 1:3 combination of the M2-bound spectrum 
(II) and lipid-bound spectrum (I). (d) Amantadine orientation in the M2 channel. (e) One 
of the two possible amantadine orientations in the lipid bilayer. Here, peptide means the 
monomer of the channel. Adapted with permission from ref.103 Copyright 2010 Nature 
Publishing Group.  
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Figure 6.2. The structure of amantadine-d15. The compound is uniformly labeled with 
deuterium (perdeuterated) as indicated (collaboration with Prof. J. Wang). It is known that 
amantadine-d15 has C3V symmetry.  
 
6.1 LINE SHAPE AND RELAXATION MEASUREMENTS OVER A WIDE 
TEMPERATURE RANGE 

As shown in Figure 6.3., the quadrupolar echo 2H NMR spectra of the amantadine-d15 

in the polycrystalline form at temperatures equal and above ‒13 oC (260 K) were nearly 

the same. For the amantadine-d15 compound at ‒23 oC (250 K), the frequency separation 

between the edges doubled to ±40 kHz. Furthermore, this chapter gave the necessary 

evidence to confirm the jump motion of amantadine-d15. 

Material and Methods 

The amantadine-d15 was a generous gift of Prof. J. Wang of the University of Arizona.  

Using the spectrometer from the Tecmag (Lap NMR; Houston, TX), quadrupolar echo 

spectra of the amantadine-d15 were measured. Between 72 oC (345 K) to −23 oC (250 K), 

for every 10 oC interval, solid-state 2H NMR line shape spectra, and T1Z and T1Q spin-lattice 

relaxation rates were acquired. The BV-T1000 temperature controller from Bruker was 

used to measure the temperature. The temperature controller reported the temperature 

inside the NMR probe. The following procedures were done to check whether the 

temperature controller was reporting the correct temperature. First, one set the temperature 
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inside the NMR probe to the desired temperature. After setting the temperature, one waited 

for 30 minutes to ensure that the temperature inside the probe was uniform.  Secondly, one 

recorded the temperature inside the probe after inserting the thermistor into the probe. The 

thermistor had an accuracy of ±0.1 °C. Finally, the measured temperature was compared 

to the readout of the NMR temperature controller. It was found that when the temperatures 

were above − 3 oC (270 K), the temperature controller reported lower temperatures. 

Nonetheless, temperatures from the thermistor were used for the thesis. The procedures for 

changing the temperature before the NMR experiment were the following. First, after 

setting the temperature controller to the desired temperature, one waited for 30 minutes to 

thermally equilibrate the amantadine-d15 sample with the surroundings. Second, after the 

experiment, one checked to see if the temperature after the experiment was the same as the 

temperature before. Finally, the temperature controller maintained the temperature inside 

the probe to within a degree Kelvin. The second Pake pattern, which had a wider 2H NMR 

quadrupolar splitting, had a significant loss in intensity. The intensity from the spectral line 

shape was less than the simulated intensity. The line shape simulation program was then 

modified to apply the Bloom correction, which took care of the loss in intensity.104  
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Figure 6.3. The solid-state 2H NMR spectral line shapes of amantadine-d15 as a function of 

temperature. The quadrupolar splitting reveals rotation of the molecule around the 

symmetry axis, which scales the frequency separation by P2(cos θ) from the value of 

3 4⁄ 𝜒𝜒Q = 125 kHz. One gets ±39 kHz for the twelve C–2H bonds oriented 109.5o or 70.5o 

to the molecular axis, and ±125 kHz for the three C–2H bonds oriented at 180o to the 

molecular axis.   
 

The order parameter, 〈𝑃𝑃2〉, of the amantadine-d3 molecule is 0.920, as shown by the 

calculation below: 
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The 2H NMR line shape spectra show that the θ = 90o edges are at ±19.6 kHz. The 

quadrupolar splitting Δ𝜈𝜈Q  is the frequency separation between the edges for the two 

spectral branches and is obtained from the line shape measurement. The first Wigner 
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rotation matrix element in the denominator is there because the rotational axis of 

amantadine is oriented 90o to the main magnetic field. The second factor is due to the 

transformation going from the principal symmetry (rotational) axis to the C–2H bond axis.  

 
Figure 6.4. Simulated amantadine-d15 spectral line shape in navy color matches the 
experimental line shape in grey color. One gets the intensity for simulated line shape by 
adding intensities of magenta and orange spectral line shapes. The ratio of the intensities 
is 5:1 between the two Pake patterns. The intensities at the shoulders of the magenta graphs 
are comparable to the intensities of the orange graphs. 
 
Results and Discussion   

Shown above are the quadrupolar echo solid-state 2H NMR spectra of amantadine-d15 

in the polycrystalline (powder) solid-state at different temperatures. The spectra in Figure 

6.3. are presented in a stacked form. Furthermore, this section shows the simulation of the 

quadrupolar echo 2H NMR spectrum of a representative example at a single temperature. 

Figure 6.4. shows the simulation result of the spectral line shape. There are two Pake 

patterns because C‒2H bonds of the amantadine-d15 cage are oriented either 109.5o or 180o 

to the main magnetic field. Furthermore, the quadrupolar echo 2H NMR spectrum only 
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shows the overlap of the two overlapping Pake patterns. The overlap becomes a problem 

for the relaxation study because the NMR relaxation rates are calculated directly from the 

2H NMR spectra. The relaxation rates of the different Pake patterns of the powder 2H NMR 

spectra are different. Also, for each Pake patterns, there is an overlap of the two spectral 

branches of the I = 1 nucleus, i.e., corresponding to the θ = 90o and 30.5o orientations. 

The calculated order parameter for the experiment was 0.94, which meant amantadine-

d15 only rotated about the molecular axis. Furthermore, the quadrupolar splitting value 

changed very little with the temperature.  Even then, the 2H NMR spectral line shape 

depended on the temperature when the temperatures were equal or below −16 oC.  

Besides, at −16 oC, the time between the two pulses of the quadrupolar echo sequence 

affected the 2H NMR spectrum. As an example, using a two-site model, Wittebort et al. 

showed the intensity at the edge of the solid-state 2H NMR spectrum of polymethylene 

chains was lost quickly during the time delay of the quadrupolar echo experiment.55  

Likewise, in Figure 6.3., the spectral line shape showed the edges with decreased 

intensities at −16 oC (289 K), where the jump rate was 3.69×106 s-1. The jump rate was 

from the simulation program called EXPRESS from the Vold and Hoatson group.72 The 

interpulse delay was 20 μs. Therefore, both the delay and the jump rate in the intermediate 

motional regime affected the 2H NMR spectrum. Finally, another feature of the spectral 

line shape was decreased intensity when the jump rate was low. 
 

6.2 A TEST OF THE DIFFUSION RELAXATION MODEL  

The introductory chapter presented the jump and diffusion models. These were the two 

ways of explaining the rotation of the molecule, and the goal of this study was to establish 

which one described the rotation of amantadine cage. First, the chapter showed the 



132 
 

 

relaxation rates of deuteriums when the C‒2H bond is oriented 90o to the magnetic field. 

Then the chapter considered the full orientational anisotropy of the relaxation as a means 

of further investigating and testing the various relaxation models under consideration. 
 
6.2.1 RELAXATION RATES VS. 1/T AT 𝜽𝜽 = 𝟗𝟗𝟗𝟗𝐨𝐨 SIMULATED BY THE FREE 
DIFFUSION MODEL 

In this test, the rotational diffusion and jump models were used to simulate the T1Z and 

T1Q relaxation rates for amantadine-d15 in the polycrystalline solid-state. In the three-fold 

jump model, the C–2H bond could only be in three different sites. Each of the different sites 

had different orientations. On the other hand, in the rotational diffusion model, the C–2H 

bond could have a continuous distribution of many directions. The different models 

produced different calculated relaxation times, which could then be matched with the 

experimental values.  

Materials and methods 

The spin-lattice relaxation T1Z times versus the temperature are calculated using the 

simulation programs based on either the jump model or the rotational diffusion model.  For 

the continuous diffusion model, whether it is either small-step anisotropic rotational 

diffusions of strong collisional-inertial rotations, the computational approach has already 

been described in chapter 3.2.3.  Here, we mention further aspects of the calculations using 

the jump model.  Because the input for the program is the jump rate instead of the 

temperature, the activation energy, and the pre-exponential factor have to be calculated 

first. The appropriate jump constants, which gives theoretical T1Z times that can be 

compared to experimental T1Z times, are found by trial and error using EXPRESS, which 

is a MATLAB program. Based on the jump constants, the jump constants at other 
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temperatures are calculated according to the Arrhenius equation. Here, the axial rotational 

diffusion model becomes equivalent to the axial three-site jump model.92, 94 
 

 
Figure 6.5. Analysis of the spin-lattice T1Z relaxation data of amantadine-d15 using the 3-
site jump (left) and the rotational diffusion (right) models. The activation energy obtained 
was 34.1 kJ/mol for the jump model and 31.2 kJ/mol for the diffusion model. The 
quadrupolar coupling constant was 167 kHz for both of the models. The presented T1Z 
relaxation times correspond to the edge, θ = 90o, of the spectral line shape. 
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Figure 6.6. Analysis of the quadrupolar order T1Q relaxation data of amantadine-d15 using 
the 3-site jump (left) and the rotational diffusion (right) models. The calculated curves use 
the same parameters as from the T1Z simulation. The presented T1Q relaxation times are 
relevant to where the intensity is the highest in the T1Q spectra. 
 
Table 6.1. Parameters used to simulate the rotational dynamics of amantadine-d15 from 
solid-state 2H NMR relaxation experiments. 

Jump model Diffusion model 
Quadrupolar 
coupling constant, χQ 167 kHz Quadrupolar 

coupling constant, χQ 167 kHz 

The angle between 
the C–D bond and 
the rotational axis, β. 

70.5o 
The angle between 
the C–D bond and 
the director axis, β. 

70.5o 

Asymmetry 
parameter, η 0 Order parameter, 

〈𝑃𝑃2〉 0.94 

Activation energy 34.1 kJ/mol Activation energy 31.2 kJ/mol 
Pre-exponential 
factor of the jump 
constant, 𝑘𝑘 0 6.24×1012 s‒1 

Pre-exponential 
factor of the 
diffusion coefficient, 
𝐷𝐷∥,0 

1.75×1012 𝑠𝑠−1 

  

The ratio of parallel 
to perpendicular 
components of the 
diffusion constant, ηD 

1×106 

 
Results and Discussion 

The figures presented the T1Q and T1Z relaxation times versus inverse temperature plots.  

Temperature ( oC) Temperature ( oC) 
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The experimental T1Z relaxation times for the temperature range from −13 oC to 103 oC 

were measured by the inversion recovery pulse sequence. The quadrupolar-order T1Q 

relaxation times were measured using the broad-band Jeener-Broekært sequence as 

described above. There was a good agreement for the results using the two NMR pulse 

sequences. The theoretical calculations in the graphs on the left were from the jump model, 

and the graphs on the right were from the diffusion model (Figure 6.5. and Figure 6.6.).  

Furthermore, Table 6.1. shows the parameters used for the simulations. In EXPRESS, 

one inputs the essential parameters, which are the quadrupolar coupling constant, χQ, the 

angle between the C–D bond and the rotational axis, β, delay times, and asymmetry 

parameter of the electric field gradient tensor, η. Then based on the jump rates at each 

temperature, the activation energy, Ea, and the pre-exponential factor for jump rate, k0, are 

obtained.  Finally, for the simulation based on the jump model, the T1Z relaxation times are 

measured at the edges, which are at ±19.5 kHz.  

Both the axial diffusion and the three-fold jump models were used to explain the T1Z 

relaxation times of the amantadine-d15 molecule in the powder sample. By comparison, the 

pre-exponential factor of the diffusion coefficient, ,0D , of the HMB-d18 (sub-section 4.2.1) 

was more significant than that of the amantadine-d15. The pre-exponential factor of the 

diffusion coefficient, , 0D , implied that the amantadine-d15 rotated slower than ring rotation 

(6.24×1012 s−1 versus 4×1014 s−1). The activation energies for both of the compounds were 

34 kJ/mol. Because the HMB-d18 molecule rotated faster than the amantadine-d15 

compound, the T1Z minimum for HMB-d18 occurred at a lower temperature (−3 oC or 270 

K versus 132 oC or 405 K).  The temperature where the T1Z minimum occurred for 

amantadine-d15 was a prediction. One saw that T1Z minimum for amantadine-d15 was not 
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found. No minimum was seen for amantadine because the motion was cage rotation, which 

was much slower.  

In Figure 6.6., one sees that the experimental T1Z data disagrees with the theoretical 

data when the temperature is 3 oC or lower. The spin-lattice relaxation data presented here 

are only from 78 oC (351 K) to −23 oC (250 K). Using NMR relaxation times, one can 

additionally investigate if there is a correspondence to solid-solid phase changes.105 

Amantadine undergoes two solid-to-solid phase transitions at 12 oC (285 K) and at −32 oC 

(241 K),106 which might be detectable by a deviation of the experimental data from the 

theoretical curves calculated for axial rotation (jump or continuous diffusion). Furthermore, 

T1Z relaxation times become longer at a lower temperature. The estimated T1Z relaxation 

time at −23 oC (250 K) is 0.6 s. Most relaxation times in this thesis are less than 0.1s. The 

T1Z relaxation times are long enough for the inversion recovery experiments because the 

T1Z times at lower temperatures are longer than 0.1 s, which is the T1Z time at 34 oC (307 

K). Therefore, to collect the T1Z relaxation times at lower temperatures, the progressive 

saturation experiment is required. Furthermore, T1Q times are longer than T1Z times. The 

T1Q at −3 oC is already 0.7 s. The d1 or the time between each scan should be set to at least 

five times T1. Future work can extend the results to even lower temperatures to ascertain 

whether rotation about a single axis is dominant over the entire range. 
 

6.2.2 ANGULAR DEPENDENCE STUDY OF THE RELAXATION ANALYSIS 

To further test the jump versus rotational diffusion model, one calculates how the 

relaxation rate changes with the angle between the amantadine-d15’s molecular axis and the 

magnetic field and compare the theoretical results to the experimental relaxation time. 

Materials and Methods 
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Experimental relaxation rates across the 2H NMR line shape spectrum were obtained 

as described previously. The edges at ±18 kHz broadened significantly at −16 oC (257 K). 

A MATLAB script was used to calculate the relaxation rates across the powder type spectra. 

See subchapter 3.3 for the details of the programming script. For the anisotropic rotational 

diffusion model, the theoretical analysis was summarized above. For the jump model, the 

program called EXPRESS, which could be obtained from the website of the solid-state 

NMR facility of the College of William and Mary, was used (URL: 

https://www.wm.edu/as/physics/research/facilities/nmr/_file/express.zip).72 In the paper, 

Hoatson et al. discussed the program and the theoretical background behind the simulation 

of the jump model.72 By trial and error, the jump constant was varied to match the T1Z 

relaxation rate at the edge of the quadrupolar echo solid-state 2H NMR spectra of 

amantadine-d15 in the polycrystalline solid-state. 
 

 
Figure 6.7. Representative partially-relaxed for solid-state 2H NMR spectra of amantadine-
d15. Figures are relevant to spin-lattice T1Z relaxation using the inversion recovery 
experiment (left), and T1Q relaxation using the quadrupolar order relaxation experiment 
(right).  
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Figure 6.8. Angular dependence (θ) of experimental spin-lattice T1Z relaxation data for 
amantadine-d15. Simulations using the jump model (left) and diffusion model (right) are 
shown by dotted lines. Furthermore, the activation energy from the fitting was 34.1 kJ/mol 
for the jump model and the 33.0 kJ/mol for the diffusion model.  
 

 
Figure 6.9. Angular dependence (θ) of experimental quadrupolar-order T1Q relaxation data 
for amantadine-d15. The figure shows simulated relaxation data using the jump model (left) 
and diffusion model (right). The simulation for T1Q uses the same parameters from the T1Z 
simulation. 
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Figure 6.10. The spin-lattice relaxation time T1Z versus angle (θ) plots plotted for 
amantadine-d15 at different temperatures. Furthermore, the jump model results are graphed 
in red. All the figures are plotted on the same scale for comparisons. The T1Z value 
decreases at higher temperatures. 

(270 K) 

(313 K) 

(345 K) 

(257 K) 

(304 K) 

(324 K) 
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Figure 6.11. The experimental quadrupolar-order T1Q relaxation times for amantadine-d15 

versus angle (θ) plots plotted for different temperatures. Furthermore, the theoretical results 
using the jump model are graphed in red.  
 
Results and Discussion 

Figure 6.7. showed representative examples of the partially relaxed 2H NMR spectral 

line shapes from the T1Z and T1Q spin-lattice relaxation experiments. The experimental 

relaxation rates were calculated from the inversion recovery experiment and quadrupolar-

order experiment as described previously. The calculated T1Z and T1Q relaxation times 

across the powder type spectra were shown in Figure 6.8. and Figure 6.9., respectively. 

The figures not only showed the plots of the T1Z and T1Q relaxation times but also showed 

the theoretical calculations. The jump and anisotropic rotational diffusion models were 
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used to explain the relaxation times by matching of the calculated and experimental 2H 

NMR spectra.   

The comparison to the data in Figure 6.8. and Figure 6.9. suggested the following. 

However, even before simulating the relaxation times using various programs, one could 

preview the simulation results by comparing the relaxation times for different angles of θ, 

namely θ = 0o, 54.7o, and 90o. Instead of the T1Z constants, more emphasis was put on the 

T1Q spin-lattice times because it was difficult to distinguish between the two models using 

T1Z relaxation times. The paper by O’Connor et al. already had the value of the T1Z measured 

at the edges (θ = 90o) divided by the T1Z time measured at the shoulder (θ = 0o).75 One 

denoted the division by the following notation, 
1 ,90 1 ,0o oZ Z

T T . Depending on whether the 

jump or axial diffusion model was used to calculate the T1Z relaxation times, 
1 ,90 1 ,0o oZ Z

T T  

was different. Continuing from the results from the paper, if the three-fold jump model 

were to be correct, the ratio of 
1Q,90 1Q,0o oT T  would be 0.67 regardless of the temperature. 

Furthermore, they said that the 
1Q,90 1Q,0o oT T ratio for the diffusion model at the slow side of 

T1Z minima was less than 1. However, the ratio, 
1Q,90 1Q,0o oT T , for the diffusion model 

decreased to (4.5)−1 at a temperature far away from the T1Q minimum.75 Finally, using the 

theoretical predictions made by O’Connor et al., my experimental data showed the 

behavior of a jump model because o o1Q,90 1Q,0
T T  was only 0.66 at 18 oC (291 K), which was 

a temperature far lower than 132 oC (405 K). Therefore, from this quick comparison, the 

jump model described the motion of the amantadine-d15. 

For further proof, using various programs, one simulated the entire T1Z relaxation rates 

measured across the spectral line shape. The 2H NMR solid-state NMR relaxation time data 

for amantadine-d15 in the powder sample followed the jump model more closely than the 
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diffusion in an anisotropic potential model. What I did to reach that conclusion was that I 

measured twenty T1Z and T1Q relaxation times across the solid-state 2H NMR powder-type 

spectra for the temperatures from 83 oC to −3 oC. After that, I compared those experimental 

T1Z and T1Q relaxation times to the T1Z and T1Q times calculated by the jump model. The 

experimental result agreed better with the jump model. The figures on the left sides of 

Figure 6.8. and Figure 6.9. showed better agreements than the figures in the right. 

However, even though the figures in the left were better, there were two problems that 

could be addressed when comparing the experimental results to the jump model. The 

problems were discussed in the next two paragraphs.  

The first problem is the following. For the simulation using the jump model, the 

experimental results do not match the simulation for the angles from 0o to 20o. Figure 6.10. 

shows that the discrepancy is well pronounced when temperatures are lower than 31 oC. As 

one can see from Figure 6.4., the intensities at the shoulders are comparable to those due 

to the amantadine-d15
’s second Pake pattern corresponding to the larger quadrupolar 

coupling (due to the C−2H bonds aligned at 180o to the molecular axis). The T1Z and T1Q 

relaxation times of the corresponding to the axial C−2H bonds are very long. Therefore, the 

overlap of the values hinders the analysis of the T1Q and T1Z relaxation times at the parts of 

the powder pattern corresponding to angles ranging from 0o to 20o. Further explanation as 

to why the T1Z times are longer and not shorter are the following. One can assume that the 

relaxation times from the second Pake pattern are longer because the C‒D bonds are 

oriented parallel to the rotational axis, which is oriented parallel to the amantadine-d15’s 

rotational axis (8.8 s at 34oC). The pulse sequence for the inversion recovery experiment is 

the following, o o o180 90 90 acquirex x y   . The first 180o pulse inverts the nuclear 
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magnetization vectors with the quadrupolar coupling frequencies, ωQ, from −44 kHz to 44 

kHz, in which the entire first Pake pattern of amantadine-d15 appear. The second Pake 

pattern can also exist in a region in the spectral line shape, where the frequencies are from 

+44 kHz to −44 kHz, because the quadrupolar coupling frequency, ωQ, only depends on 

the angle between the magnetic field and the rotational axis. Furthermore, in the spectral 

line shape, one only sees the sum of the first and the second Pake patterns. However, once 

the 180o pulse inverts both the nuclear magnetizations of the axial and equatorial deuterons, 

both of the nuclear magnetizations relax differently according to their T1Z relaxation times. 

There are two possible scenarios. The first scenario is that the transverse relaxation times 

of the axial deuteriums are very long. The nuclear magnetization of the axial deuterons 

hardly relaxes in z-direction while the nuclear magnetizations of the equatorial deuterons 

are taking place. The mathematical equation for the z-component of the nuclear 

magnetization can be written as follows,    1
Z 0 1 t TM t M eκ   . This equation is about 

the z-component nuclear magnetization of the axial deuterons only. As mentioned earlier, 

due to the long T1Z times, the κ  for the axial deuteron would be consistently one after each 

180o pulse. If T1Z times of the axial deuterium are long indeed, then the change in intensity 

of inversion recovery NMR spectral line shape can be explained by a double exponential 

function of time. However, for the inversion recovery experiment, it was found that all the 

relaxation data fitted well to a single exponential function throughout the entire delay times.  

Furthermore, the two relaxation times are not that different. One sees that for θ = 90o 

orientation, the T1Z of the axial deuterons are only ten times longer than the T1Z of the 

equatorial deuterons (8.8 s versus 0.8 s at 34 oC).  
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On the other hand, it is also possible that the fitting for the T1Z relaxation time with a 

single exponential function is heavily influenced by the intensity changes due to the second 

Pake pattern. The second scenario is when the two relaxation times are comparable to each 

other, but the relaxation times relevant to the second Pake pattern are just long enough to 

not fully go back to the equilibrium state during the d1, the interpulse delay or the time 

between each experiment. The interpulse delay is longer than the longest delay time. Due 

to this long T1Z, the magnetizations of these axial deuterons will be going to show partial 

inversion, which means that the z-component of the nuclear magnetization is only partially 

inverted, after the 180o pulse. Furthermore, the z-component of the nuclear magnetization 

is    1
Z 0 1 t TM t M eκ   . As mentioned earlier, due to the long T1Z times, the κ  for the 

axial deuteron could be somewhat higher than one after each 180o pulse. Therefore, where 

the z-component of the nuclear magnetization of the first Pake pattern is comparable to that 

of the second Pake pattern, MZ(t) fits a single exponential fit with an average of the two T1Z 

values. The explanation above is the justification for why the jump model explains the T1Z 

and T1Q times of amantadine-d15.   

The second problem in comparing the experimental result to the results of the jump 

model were following. There were two things, and both were related to the resolution or 

the noise of the spectra. The spectral edges due to the θ = 90o orientation broadened 

significantly at ‒16 oC (257 K) and at −23 oC (250 K), and the edges could be at ±20 kHz. 

It was impossible to measure the T1Z relaxation times accurately at low temperatures 

because, at −16 oC, the calculated T1Z relaxation times were more prone to error. Because 

of the spectral broadening, the simulation results from EXPRESS already started showing 

disagreement to the experimental result even at −3 oC (270 K). Furthermore, as shown in 
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Figure 6.7., the noise contribution to the intensity was significant near the center of the T1Q 

spectrum. The fraction of the amantadine-d15 molecules with their molecular axes oriented 

at 54.6o to the main magnetic field was responsible for the relaxation near the center of the 

spectrum. Therefore, as can be seen in Figure 6.11., many of the T1Q relaxation times for 

the θ = 40o, 50o, and 60o orientations were missing.  
 
RELAXATION MEASUREMENT OF THE SECOND EDGE 

One can also measure and simulate the relaxation times and confirm the results from 

the Pake pattern corresponding to the larger quadrupole coupling of those deuterons 

oriented parallel (180o) to the principal rotational axis of the amantadine-d15 cage.  

Presented below are the results of the progressive saturation experiment using amantadine-

d15. The progressive saturation experiments measure the relaxation rates at the two edges 

of the lower-intensity powder pattern with the large quadrupolar splitting. The condition 

for the progressive saturation is too short T2 and too long T1. Typical T2 relaxation times 

for rimantadine-d3 are in the order of 10-1 s. Figure 6.4. shows the powder pattern. Finally, 

the relaxation rates give the diffusion coefficient and the activation energy of the rotations 

of the amantadine-d15 molecules in the polycrystalline solid-state.  

Materials and Methods 

The progressive saturation experiment was used to measure the relaxation rates of the 

two edges of the powder pattern component of amantadine-d15 with the larger quadrupolar 

splitting. The experimental T1Z relaxation times for the temperature range from 34 oC to 44 

oC by the progressive saturation technique were measured. Furthermore, the experimental 

T1Z times for the temperature range from −13 oC to 103 oC by the inversion recovery 

method were measured.  Because the C−2H bonds were aligned nearly parallel to the 
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principal rotational axis of the amantadine-d15 molecule, the relaxation times were very 

long, which was why the progressive saturation technique was used.  The progressive 

saturation inversion recovery experiments were carried out using the Bruker AMX500 

spectrometer. Figure 6.12. and Figure 6.13. summarize the progressive saturation 

experiments. The left sides of the figures show the spectral line shapes of the progressive 

saturation experiments. From the spectral line shapes, the maximum intensity at the 

negative side was taken and fitted to the exponential curve, which was shown on the right 

sides of the figures. Furthermore, the average of the three intensities around the maximum 

intensity was taken. The phase, center, and the maximum values of 100o, −11, and 117 

were the parameters for the Fourier transformation.    

 
Figure 6.12. The figure shows partially relaxed solid-state 2H NMR spectra of amantadine-
d15 obtained using the progressive saturation experiment (left) and the exponential fit for 
the magnetization recovery (right) at 34 oC (307 K). Delay list is in the figure. The spin-
lattice T1Z relaxation time estimated from the exponential fit is (8.0±1.4) s for this 
experiment.  
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Figure 6.13. The figure for amantadine-d15 shows partially-relaxed solid-state 2H NMR 
spectra obtained using the progressive saturation experiment (left) and the corresponding 
single exponential fit for the magnetization recovery (right) at 44 oC (317 K). Delay list in 
seconds is in the figure. The spin-lattice T1Z relaxation time estimated from the exponential 
fit is (4.4±0.3) s for this experiment.  
 
Table 6.2. Parameters used to simulate the T1Z relaxation data for amantadine-d15 measured 
at the higher frequency edge of the solid-state 2H NMR spectra. 
Parameters Value 
χQ, quadrupolar coupling constant 167 kHz 
β, the angle between the C–D bond and the rotational axis  0o 
〈𝑃𝑃2〉, order parameter from the line shape spectrum 0.94 
𝐷𝐷∥,0, the pre-exponential factor of the diffusion constant 7.3×1014 𝑠𝑠−1 
Ea, activation energy 48.2 kJ/mol 
ηD, the ratio of parallel to perpendicular components of the diffusion 
constant 

0.002 

θ, the angle between the rotational axis and the main magnetic field 90o 
 
Results and Discussion 

The left of Figure 6.12. and Figure 6.13. show the series of partially relaxed 

quadrupolar echo 2H NMR spectrum from the progressive saturation experiments. 

Furthermore, the graphs on the right show how the intensity changes with the different 

Frequency ( kHz) 
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delays. Lastly, using the two T1Z times, which are (8.0±1.4) s and (4.4±0.3) s, at 34 oC (307 

K) and 44 oC (317 K), respectively, the data are simulated using the diffusion model.  

Due to the long experiment time, further study to obtain the T1Z spin-lattice constants 

was infeasible. The T1Z delay time increased as one lowered the temperature. To measure 

long T1Z times, one needed a longer delay times to see enough changes in intensity. When 

the delay time was long, the progressive saturation could take longer than the inversion 

recovery experiment. For example, it would take five days to do the progressive saturation, 

which has three 90o pulses with 1024 scans. The experiment had a delay time of 15.98 s.  

Lastly, the necessary conditions for the progressive saturation experiment were long T1Z 

times and short T2 times. The T1Z spin-lattice time constants at the second edge 

corresponding to the powder pattern component with the larger quadrupolar splitting were 

on the order of 100 s. 

The second edge relaxation times were simulated using the rotational diffusion model. 

However, the results of the two simulations disagreed with each other. To simulate the 

experimental T1Z times for the second edge, one used the same order parameter and the 

quadrupolar coupling constant as the simulation for the first edge. Then, as a result of the 

simulation, one obtained the pre-exponential factor and the activation energy. First, the 

activation energy told that the slopes from the two T1Z data sets were very different (31.2 

kJ/mol versus 48.2 kJ/mol). Secondly, the pre-exponential factors for the diffusion 

coefficient, 𝐷𝐷∥,0, which showed how fast the molecule moved at infinite temperature, were 

different as well (1.75×1012 𝑠𝑠−1 versus 7.3×1014 𝑠𝑠−1). The preexponential factor for the 

diffusion coefficient followed the Arrhenius behavior,  ,0 exp aD D E RT   . In 

principle, both sets of the T1Z times, which were all due to the C‒D bonds in amantadine-
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d15, should show the same activation energies and the pre-exponential factors for the 

diffusion coefficients.  
 

6.3 CONCLUSION 

In this chapter, I performed solid-state 2H NMR experiments with amantadine-d15 and 

measured the quadrupolar echo spectral line shape as well as did the solid-state 2H NMR 

T1Z and T1Q relaxation experiments. From the line shape experiment, we saw that 

amantadine-d15‘s motional timescale was faster than the intermediate motional regime at 

temperatures above −13 oC. This behavior could be used in explaining the motion of 

rimantadine-d3, where the NMR data were available from 50 oC to −150 oC. Two relaxation 

experiments gave more evidence. The solid-state 2H NMR was capable of detecting the 

motions with the time scales of the inverse of the Larmor frequency and the twice the 

Larmor frequency. From the relaxation experiments, I first measured the relaxation times 

at the edges (θ = 90o) of the spectra. Twenty T1Z and T1Q relaxation rates were measured 

across the powder type spectra. So, I had lots of evidence to conclude whether the jump or 

diffusion formalism was more applicable in explaining the motion of amantadine-d15. After, 

I compared the experimental relaxation times to the theoretical calculations using the 

programs, which were based on the jump and the diffusion models. I used the two programs 

to explain the experimental results because I wanted to see which program was more 

accurate. An accurate program meant that the model (jump or diffusion), which the 

program was based on, described the molecular motion.  

The jump model explained the rotational motion of amantadine-d15. There were two 

pieces of evidence. The first evidence was that the T1Z and T1Q spin-lattice relaxation times 

measured at the edges (θ = 90o) of the spectra agreed very well with the theoretical T1Z and 
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T1Q relaxation times generated by the EXPRESS. Secondly, the angular dependence study 

showed that, except for angles 0o to 30o, the experimental T1Z relaxation times matched to 

the theoretical T1Z relaxation times calculated by EXPRESS. A possible explanation as to 

why the fitting results of the angles from 0o to 30o were poor was that the z-component of 

the nuclear magnetization of the axial deuterium relaxed slower than the z-component of 

the nuclear magnetization of the equatorial deuterons. When the angle was from 0o to 30o, 

the magnitudes of the z-component of the nuclear magnetization due to the second Pake 

pattern were similar to the z-component of the nuclear magnetization due to the first Pake 

pattern. The T1Q time measurements showed a good agreement to the jump model. All of 

these justifications led us to conclude that the formalism of the jump model explained the 

rotational behavior of amantadine-d15. In this chapter, I showed that T1Z relaxation equation 

for amantadine-d15 is (3.16). Similarly, the zwitterionic form of alanine-d3 in the 

polycrystalline state followed the same equation.29 As mentioned later, the methyl groups 

in leucine, valine, isoleucine also followed the jump model.  
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CHAPTER 7. THE 2H NMR STUDY OF 3-AZASPIRO[5.5]UNDECANE-d4 

Introduction 

Besides rimantadine and amantadine, the spirane is another AM2 channel blocker.107 

This chapter presents the results of solid-state 2H NMR spectroscopy of the spirane-d4 

compound in the polycrystalline solid-state. Lack of rotational motion causes the maximal 

frequency splitting value in the quadrupolar echo solid-state 2H NMR spectrum of the 

spirane-d4 compound. Furthermore, the T1Z relaxation time is very long due to the reduced 

internal motion. Consequently, because in the NMR experiment, many repetitions of the 

pulse acquisition scheme are required, and because of the long inter-pulse delay (5 times 

the T1Z time), measurement by the inversion-recovery experiment is very time-consuming. 

Consequently, the measurement of T1Z utilized the more time-efficient progressive 

saturation experiment.  It requires that T2 << T1Z to avoid experimental artifacts, meaning 

that phase coherence of the nuclear states needs to be random before each (90o) pulse in 

the sequence, the transverse (xy) magnetization needs to be in the same (random) state 

before each subsequent 90o pulse. In the limit of rapid pulses with respect to the 

longitudinal relaxation time, the progressive saturation experiment makes the spin-up and 

spin-down populations equal, and the rate at which this occurs gives the spin-lattice 

(Zeeman) relaxation time. 
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Figure 7.1. The structure of 3-azaspiro [5.5]undecane-d4 (spirane). The deuteriums are 
immobile due to the lack of motion about the C–C bonds.  
 
7.1 LINE SHAPE AND T1Z RELAXATION MEASUREMENT AT THE ROOM 
TEMPERATURE 

As mentioned earlier, on account of the reduced internal motion of the spirane molecule, 

the 2H nuclear spins relax slowly. Furthermore, due to the finite radiofrequency pulse 

power, it is difficult to excite the spectral edges as well as the portions of the spectrum that 

are far away from the center. Consequently, in this section, we use progressive saturation 

together with partial tip-angle experiments to measure T1Z relaxation times. 

The progressive saturation measures how fast the difference in the spin-up and the spin-

down populations increases with the repetition delay in the 90o-pulse train. Compared to 

the inversion recovery experiment, progressive saturation experiment can be shorter. For 

example, the inversion recovery NMR experiment requires at least a thousand scans. So 

even for the inversion recovery experiment with a short delay time, one still needs to wait 

for a long time. On the other hand, the time that it takes to do the progressive saturation 

experiment depends only on the delay time. Another advantage is that the 90o pulse excites 

the frequencies far away from the origin. The 180o pulse fully inverts the spin population 

of the deuteriums whose gaps between the spin energy levels are small. 
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In the progressive saturation experiment, one first sends the 90o pulse, waits for some 

time τ, and sends the quadrupolar echo pulse sequence. The pulse sequences 90o-τ- need to 

be repeated at least once. The purpose of the quadrupolar echo pulse sequence is to observe 

the difference in the spin populations and to give the line shape spectra. As one can see 

from the bottom left of the figure, the 90o pulse results in the equal populations of spin-up 

and spin-down. In Figure 7.2., after a 90o pulse, the blue arrow is pointing down equally 

as the red arrow is pointing up. The role of the pulse is to rotate the arrows, which are 

pointing horizontally, to point in the vertical direction. The difference in populations, 

which existed before the 90o pulse, does not affect the differences in the population after 

the pulse because the 90o pulse converts the difference in populations into the arrows, 

which point horizontally. See Eq. (2.22) for the spin density matrix, which shows how the 

population becomes the x-component of the magnetization. Finally, during τ, the difference 

in the spin-up and spin-down increases, and the quadrupolar echo pulse sequence allows 

one to measure this increase in the difference in the populations. Figure 7.2. gives the pulse 

sequence for progressive saturation. In the pulse sequence below, the quadrupolar pulse 

sequence is o o
690 90 acquirex yd    ,  

 o o o o o
690 90 90 90 90 acquirex x x x ydτ τ τ          .(7.1) 
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Figure 7.2. The pictorial representation of the progressive saturation experiment. The top 
left represents the start of the experiment, and at the bottom left the spin vectors are shown 
after the second 90o pulse in the experiment.  After the 90o pulse, the x-y magnetization 
loses coherence with zero z-component.  The z-component is then partially restored before 
application of the next 90o pulse. Courtesy of Allen D. Elster, MRIquestions.com 
(URL:mriquestion.com/stimulated-echos.html) 
 

Lastly, in the partial-tip experiment, one decreases the length of the 90o pulse so that 

the shorter pulse gives a broader power distribution in the frequency domain and thus can 

further increase the intensities at non-zero frequencies in the line shape spectrum. 

Materials and methods 

The 3-azaspiro [5.5]undecane-d4 (spirane-d4) was a generous gift of Prof. J. Wang of 

the University of Arizona.  First, the solid-state 2H NMR line shape spectrum was measured. 

Keeping in mind the reduced motion in the spirane compound, the d1, the time between 
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each scan, was first set to 5s. For the partial-tip experiment, a pulse which was 3μs long 

was used to obtain the line shape spectra. Nonetheless, the quadrupolar echo spectrum 

using a 90o pulse of 4μs duration was deemed to be better.  

The experiment was done to decrease the repetition of the 90o‒τ‒ elements in the pulse 

train. There was no difference in varying the repetition of the 90o‒τ‒ elements from 5 times 

to 3 times. At 13 oC (286 K), the delay times varied from 5 μs to 5 s. The intensities at the 

edges due to the θ = 90o molecular orientation were fitted to an exponential equation. The 

frequencies at which the intensity was maximum were different for each delay. For the 1 

ms delay, the intensity at 54.36 kHz was recorded, and for the 5 μs delay, the intensity at 

57.87 kHz was recorded. However, instead of the averages of the three values, the 

maximum intensities at the positive frequencies were taken. By three values, I mean the 

maximum intensity and the two intensities at the frequencies nearest to the frequencies of 

the edges.  
 

 
Figure 7.3. The solid-state 2H NMR spectral line shape for the spirane-d4 compound. 
Quadrupolar echo pulse sequences with 3 μs (left) and 4 μs (right)  π/2 pulse length were 
used.  



156 
 

 

 
Figure 7.4. Solid-state 2H NMR spectrum for the spirane-d4. Experimental data is in red, 
and the simulated spectrum is in black. The intensity decreases at a wider frequency. 
 

 
Figure 7.5. The progressive saturation experiment for the spirane-d4 compound at 13 oC 
(286 K). The spectra correspond to progressively longer repetition time delays. Measured 
T1Z time constant was (6.1±0.2) s. The spectrum of the longest delay was abnormal because 
the signal for FID was too strong. Nonetheless, the point fitted well with the other data 
points because the r2 value was high (0.999).  
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Figure 7.6. Solid-state 2H NMR T1Z measurement for the spirane-d4 compound using the 
progressive saturation experiment at 24 oC (297 K) (left) and the single exponential 
recovery of magnetization (right). The measured T1Z time constant is (6.7±0.2) s. 
Furthermore, the r2 value is 0.996. 
 
Results and Discussion 

In Figure 7.3., the quadrupolar echo experiment result is shown on the left, and the 

figure on the right is the partial-tip experiment. Figure 7.4. simulates the spectral lineshape 

that is obtained from the 2H NMR spectrometer. In Figure 7.5. and Figure 7.6., the 

progressive saturation experiments without partial-tip were conducted to measure the 

relaxation times corresponding to the spectral edges due to the θ = 90o orientation with a 

wide quadrupolar splitting constant. Further studies were not possible due to the long 

experiment time.  

There seemed to be some moisture content in the sample because there was a zero-

frequency isotropic peak in the spectral line shape in Figure 7.6. Because there were 

rotations in water molecule but not in spirane-d4, deuterium nucleus in the deuterated water 

had a faster relaxation rate than that of the spirane-d4. Interestingly, the peak was absent in 

the spectral line shapes of the progressive saturation or the quadrupolar echo experiments 
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at 14 oC (287 K). In Figure 7.6., the peak was only evident in the partially relaxed spectrum, 

which corresponded to the delay times less than 8 s. For the delay times longer than 8 s, 

the spectral line shapes showed that the nuclear magnetizations due to the spirane-d4 also 

relaxed and the isotropic peak was invisible. The quadrupolar echo experiment was run 

right after the progressive saturation experiment to confirm the presence of the center peak. 

The d1 times was 25 s. However, there was no center peak in the quadrupolar echo 

spectrum. As a future experiment, one could run the solid echo spectrum with shorter d1 

times and see the center peak. 

The T1Z time increased with temperature. The relaxation time increased from (6.1±0.2) 

s at 13 oC (286 K) to (6.7±0.2) s at 24 oC (297 K). Therefore, the experiments were carried 

out at the fast motion (short correlation time) side of the T1Z minimum. According to the 

results, the spirane-d4 had only vibrational motions. What could be causing the change in 

the nuclear magnetization is the conversion between the chair and boat conformation of the 

cyclohexane part of the spirane-d4. For a cyclohexane ring, the activation energy for the 

conformation change was 40 kJ/mol. Because nitrogen was heavier, one could expect 

higher activation energy for the spirane-d4. The NMR T1Z relaxation result plotted to the 

Arrhenius equation show that the activation energy was 6 kJ/mol. Therefore, most likely 

motions that were causing the change in nuclear magnetization were the stretching and 

bending of the C−C bonds in spirane-d4. It would take more energy for C−N bond 

vibration to occur than the energy required for the C−C bond vibration. The T1Z data 

showed that the vibrational motion slowed down as one lowered the temperature. 

There were some technical challenges with measuring the relaxation times for 

molecular compounds with long T1Z times. For the quadrupolar echo experiment, as shown 
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in Figure 7.4., there was a significant loss in intensity at the shoulders where the 

quadrupolar frequencies were large. Except at the shoulders, the line shape matched the 

theoretical spectrum. To do a solid-state NMR spin-lattice relaxation experiment on the 

molecular compounds with long relaxation time, one needed to do a progressive saturation 

experiment. To measure T1Z relaxation times, people often did inversion recovery 

experiments. A technical challenge that I had to face doing the progressive saturation 

experiment was experiment took several days. What that meant was that I had to process 

different delays separately. Nonetheless, because of the high r2 value (0.999) in Figure 7.5., 

a single exponential equation could fit the two combined data sets. Furthermore, for the 

same figure, signal clipping occurred when the delay time was long (15.5 s), and the line 

shape was abnormal. Nonetheless, the point fits well with the other data points. The 

relaxation time was long, but the line shape matched to the theoretical spectrum. 
 

7.2 CONCLUSION  

This chapter presented the NMR relaxation rates for the spirane-d4 molecule in the 

solid-state. The technical difficulty in experimenting with this compound was the long 

spin-lattice relaxation time due to the diminished internal motion. Furthermore, because 

the frequency where the θ = 90o spectral edges appear was large, we applied an unusual 

experiment approach involving progressive saturation. Due to the lack of rotational motion, 

the relaxation times were long yet nonetheless, the experiments worked well. As discussed, 

the possible motions present in the spirane-d4 are the vibrations of the chemical bonds. 

In the context of the thesis, the experiments here help to get information about the C–

D bonds, which were oriented 90o to the main magnetic field and part of the spirane-d4. 

However, only vibrations in bonds contributed to the nuclear relaxation of this molecule. 
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CHAPTER 8. OUTLOOK 

The unique aspect of solid-state NMR spectroscopy is that it gives information about 

the motions of the molecules in the solid-state that cannot be obtained with other 

physicochemical methods. As mentioned in the introductory paragraph, for the first time 

in solid-state 2H NMR, this thesis reports that the rotational motion of the antiviral 

compound, amantadine-d15, follows the jump model. By contrast, X-ray diffraction gives 

mainly the atomic positions via the electron density within the crystal lattice, and motion 

is mainly detected via the Debye-Waller factors.  In this work, the theoretical analysis of 

experimental relaxation rate in the solid-state has entailed the use of a continuous rotational 

diffusion model developed in the Brown group as well as a discrete jump model from the 

group of Vold and Hoatson.  Both models have characteristic strengths and weaknesses.  

The rotational diffusion model lends itself naturally to the analysis of composite rotational 

dynamics in molecules with multiple degrees of freedom, while preserving a high degree 

of physical insight with regard to the motional mean-square amplitudes as well as the 

rotational correlations times. The jump model, on the other hand, lends itself to 

consideration of complex dynamics and is highly general as well as gives a strong 

connection to the motionally averaged solid-state NMR line shapes. What is most 

important, perhaps, that by subjecting the experimental data to both types of theoretical 

analysis, one can arrive at conclusions that are robust with regard to the choice of model 

and illustrative of the broad generality of the conclusions reached. 

In the rotational diffusion model, the potential of mean force is introduced, which 

governs both the mean-square amplitudes and rates of the motions as represented within a 

spherical basis in terms of irreducible tensor operators. The parameters are the orientational 
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order parameters, which, in terms of the characteristic function correspond to the moment 

expansion of the potential, together with the rotational diffusional constants and their 

anisotropy for the various modes of motions.  One can then investigate how the molecular 

forces including the types, rates, and amplitudes of the motions are affected by the 

molecular environment, e.g., in the crystalline solid-state, dissolved within membrane lipid 

bilayers, or bound to membrane proteins such as the M2 ion channel protein in the case of 

antiviral drugs such as those studied herein. What the jump model lacks in transparency, it 

makes up in terms of generality and scalability to any number of sites, thereby building in 

the molecular symmetry, as well as complex multiscale motions, whose parameters can 

also control, govern, or otherwise affect the motionally averaged line shapes. In the jump 

model, the solid molecule moves or reorients among various discrete sites, while in the free 

diffusion model, the molecule moves, rotates, or reorients continuously.  

For example, using the diffusion in an anisotropic potential model, one can find out 

about the composite dynamics of the methyl group of the substituent to the rimantadinyl 

cage in the solid-state.  That is both as an interesting test of the theory, as well as providing 

relevant information to the molecular properties and behavior of this important antiviral 

compound as background to analogous studies when it is bound to the M2 ion channel or 

contained within lipid bilayers. Studies on the antiviral compounds give the complete 

picture of the dynamics of the molecules in the polycrystalline solid-state as a precursor to 

analogous studies of the antiviral compounds bound to membrane proteins such as the M2 

ion channel from influenza virus. By contrast, a jump model explains how amantadine-d15 

moves in the polycrystalline solid-state.  Specifically for amantadine-d15, by comparing the 

spectral densities, 𝐽𝐽1(𝜔𝜔0) and 𝐽𝐽2(2𝜔𝜔0), one gets the extremely valuable proof that the 
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amantadine-d15 molecule follows the jump model in the solid-state.108   

In rimantadine-d3, one does not see the rotation of the methyl axis about the symmetry 

axis of the adamantane cage. From the rimantadine-d3 spectral line shape, the frequency 

splitting stays the same, even at a temperature above −13 oC. At temperature −13 oC, the 

amantadine-d15’s spectral line shape shows that the prominent spectral edges (due to the θ 

= 90o orientation) separate. Therefore, when temperatures are higher than − 13 oC, 

deuterated adamantane cage rotates about its axis because there is a separation of the 

spectral edge. As a possible reason why one does not see a rotation of the C−C bond in 

rimantadine-d3 is that the motional time scales are different. Two motional time scales of 

the rotation of the adamantane cage and the rotation of the methyl group are compared. 

Similarly, in proteins with long side chains, there are side-chain rotameric jumps involving 

the χ torsional angle. If the side-chain rotameric jump has a correlation time of τχ, the 

relaxation of the methyl group is not affected by the side-chain rotameric jump when, τχ»τf, 

where the τf is the correlation time of the fast spinning of the methyl group.  

Szabo et al. introduced a universal reduced model called the model-free approach for 

analyzing the NMR relaxation rates.109 When the generalized order parameter, S , is one, 

both the correlation functions of the three-site jump model and the model-free are an 

exponential function. Nonetheless, the diffusion in an anisotropic potential model is more 

sophisticated because it can simulate the off-axial motions of the rotational axis. The 

diffusion in an anisotropic model is the universal model that can explain many temperature-

dependent relaxation rates. O’Connor et al. simulated the T1 angular dependence data of 

deuterated poly(α-methyl styrene) (PAMS-d3) at high temperatures when the T1 did not 

show an angular dependence.75 Moreover, the type of dynamics changed according to the 
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structure. For example, despite having the three-fold symmetry, the motional model of the 

methyl group was different from that of the amantadine-d15 because of the off-axial motion. 

The relaxation time data was based on the structural changes happening in the system. 

Based on the change in structure, the activation energy also changed.  

What is more, the works here mimic the drug development process. For rimantadine, 

the details such as how the structure changes upon binding is still a mystery. As already 

mentioned above, the X-ray crystal structure does not give information about the motions. 

The crystal structure gives only a part of the picture of what is actually happening in the 

molecule of interest. On the other hand, the NMR can distinguish the flexible and the rigid 

parts of the molecule, as in molecular solid like those studied here, or in a biopolymer like 

a protein in solution or a lipid membrane.  The solid-state 2H NMR experiments 

characterize the molecular motions in the nano- to millisecond ranges of correlation times. 

There are many types of motions coming from different compounds, and 2H NMR can be 

used to show part of the motional distribution. Another example is that the 2H solid-state 

NMR spectrum of deuterated lipids with embedded peptides or drugs gives the membrane 

structural changes as in the case of drug binding to the M2 ion channel. Besides, one can 

also look at the 2H solid-state NMR of deuterated drugs bound to channel to gain important 

information about the drug-binding efficiency. From the studies of amantadine-d15, one 

knows the distribution of the drug between the channel and the membrane. One also can 

see the other binding sites of the channel where the drug stabilizes the closed conformation. 

Finally, solid-state 2H NMR of deuterated channel embedded in the membrane can give the 

conformational changes in the peptide upon binding to the drug. If the dynamics of the 

sidechain become restricted, then the spin-lattice T1Z and quadrupolar order T1Q relaxation 
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rates would be changed. 

Of course, the work of this thesis lays the foundation of what mentioned above because 

the study of the individual deuterated components (drug, channel, and membrane) provide 

the necessary control experiments. Additional related experiments with 2H NMR by other 

research groups have found that the methyl dynamics in solution and solid samples are 

similar110 when the tumbling motion of the protein is separated from the internal motion of 

the methyl group. The methyl group dynamics are mainly sensitive to the atoms nearby.  

What is more, the deuterated group is expected to have more motion when it was further 

out in the chain. For example, deuterated Leucine, δ-2H-Leu in collagens showed only the 

two-site jump model behavior.111, 112 However, deuterated methionine, L-[ε-2H3]methionine, 

in solid form, showed that the four-site jump model described its motion.29 The authors, 

Smith and Oldfield, predicted that if the methionine were present in the protein, one would 

expect similar behavior.113  

Finally, deuterated methyl groups can be present in various amino acids such as valine, 

leucine, isoleucine, methionine, and threonine. Other hydrophobic amino acids, such as the 

phenylalanine, show non-axially symmetric (biaxial) solid-state 2H NMR spectra, with one 

mobile edge and another rigid edge, with the correlation times of 10-8 s and 10-5 s, 

respectively.113 On the other hand, hydrophobic amino acids such as tyrosine and 

tryptophan only show one edge.113 However, when those amino acids were cooled, the two-

site jump motion of the ring becomes manifested.114 The edge showed a strong biaxiality 

due to motion, which lacked symmetry. The angle between the two sites was 120o apart 

when the edges showed biaxiality.  

Such studies with deuterated membrane proteins suggest three interesting points. First 
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is that the amino acids, which are part of the amphipathic region of the protein, are very 

mobile.115 One only observes the isotropic peak in the solid-state 2H NMR spectrum. 

Secondly, one can identify the amino acids (± one residue), which are on the surface of the 

protein in the 2H NMR spectrum.115 The third important point is that the methyl group of 

the protein follows either the jump or continuous diffusion motion.29, 94 

Furthermore, in the case of membrane proteins, the lipid hydrocarbon chains do not 

interfere with the side-chain dynamics of the protein.  Consequently, the protein embedded 

within the lipid membrane translates or rotates as in the fluid mosaic model (or flexible 

surface model.116  The continuing development of the field of solid-state NMR, such as 

higher field magnetic field strengths, will enable better resolution and allow researchers to 

make even more exciting and important discoveries in the future. These developments are 

expected to greatly benefit the development of the field of molecular dynamics simulation 

as well as applications to drug development involving both protein and lipid targets.  As 

one can see from the research in this thesis, solid-state 2H NMR spectroscopy is a non-

invasive and non-destructive technique with potentially important applied to antiviral drugs. 

The challenging part of the 2H NMR experiments, however, is deuteration, which can be 

expensive, and the data processing takes a long time. Nonetheless, its experiments are 

intriguing, the theories are insightful, and 2H NMR is becoming increasingly popular with 

many possible future applications in biopolymer research. 
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APPENDIX A. MATLAB SCRIPTS 
Following are the MATLAB scripts, which are modified to extract the angular dependence 

information from the line shape.  

 
CODE1. Following is the code used to calculate the relaxation rate across the powder 
type spectra.  
clear all; 
  
indir = '/home/kevin7shlee/Documents/amantadine/T1q/64C'; 
t1qspectra = [indir 'spec_T1q_amantadine_64c_1v2']; 
cd(indir); 
%t1qspectra = importdata('Reconstructed.csv'); 
% timefile = [indir 'vd_suchi']; 
% tmp = load(timefile); 
% delay = tmp(:,1); %time recalculated to seconds 
%t1qspectra = [indir 'vd_suchi']; 
  
% timefile = [indir 'vd_suchi']; 
% tmp = load(timefile); 
% delay = tmp(:,1); %time recalculated to seconds 
%cd(indir); 
delay = importdata('vd_kevin'); 
tmp = importdata(t1qspectra); 
%tmp = t1qspectra; 
t1q = tmp(:,2:end); 
freq = tmp(:,1); 
  
delay_num = zeros([length(delay),1]); 
%for i = 1:length(delay) 

 %   if strcmp(delaygl (end),'m') 
  %      delay_num(i) = str2num(delay(1:end-1))*1e-3; 
   % elseif strcmp(delay(end),'s') 
    %        delay_num(i) = str2num(delay(1:end-1)); 
    %elseif strcmp(delay{i}(end),'u') 
     %       delay_num(i) = str2num(delay{i}(1:end-1))*1e-6; 
    %end             
%end 
%for i=1:length(delay); 
 delay_num = delay;      
%end 
figure(1) 
plot(freq,t1q); 
for j=1:5 
output_table = zeros([length(delay),11]); 
output_table(:,1) = delay_num; 
%[delaymax,index] = min(delay_num); 
for index=1:length(delay_num) 
delaymax=delay_num(index); 
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[ro,col] = size(t1q); 
%peakint_left = max(abs(t1q(1:ro/2,index))); 
  
% %NEGATIVE Side Change to 'theta_index-3+j' 
[peakint,peak_freq_index] = max(abs(t1q(ro/2:end,index))); 
peak_freq = freq(peak_freq_index+ro/2); 
%peakint_left = max(abs(t1q(1:ro/2,index))); 
%peakint_ratio = peakint_left/peakint; 
%Positive Side 
% [peakint_left,peak_freq_index] = max(abs(t1q(1:15934,index))); 
% peak_freq = freq(peak_freq_index); 
% peakint_right = max(abs(t1q(ro/2:end,index))); 
% peakint_ratio = peakint_right/peakint_left; 
  
% peak_freq = -1.6461e+04; 
%output_table = zeros([length(delay),11]); 
%output_table(:,1) = delay_num; 
%output_table(:,11) = t1q(peak_freq_index+ro/2,:)'; 
  
%peakint_ratio = peakint_left/peakint; 
%peakint_ratio = 1; 
  
for theta=0:10:30 
    raw_freq = -2*peak_freq*(3*cos(theta*pi/180)^2-1)/2 
    [theta_freq,theta_index] = min(abs(freq-raw_freq)); 
  output_table(index,(theta+20)/10) = t1q(theta_index-3+j,index); 
     output_table(index,(theta+20)/10) = t1q(theta_index-
4+j,index)'; 
  
end   
for theta=40:10:90 
    raw_freq = -2*peak_freq*(3*cos(theta*pi/180)^2-1)/2 
    [theta_freq,theta_index] = min(abs(freq-raw_freq)); 
    i = (theta-30)/10; 
    factor =1; 
    output_table(index,(theta+20)/10) = factor*t1q(theta_index-
3+j,index); 
     output_table(index,(theta+20)/10) = factor*t1q(theta_index-
4+j,index)'; 
end   
end 
%cd(indir); 
if j==1 
    save t1z_spectra_angle_330k_separate_1.csv output_table '-
ascii'; 
else if j==2 
    save t1z_spectra_angle_330k_separate_2.csv output_table '-
ascii'; 
    else if j==3 
            save t1z_spectra_angle_330k_separate_3.csv 
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output_table '-ascii'; 
  
    else if j==4 
    save t1z_spectra_angle_330k_separate_4.csv output_table '-
ascii'; 
    else if j==5 
            save t1z_spectra_angle_330k_separate_5.csv 
output_table '-ascii'; 
        end 
        end 
        end 
    end 
end 
end 
Avg1 = importdata('t1z_spectra_angle_330k_separate_1.csv'); 
Avg2 = importdata('t1z_spectra_angle_330k_separate_2.csv'); 
Avg3 = importdata('t1z_spectra_angle_330k_separate_3.csv'); 
Avg = (Avg1+Avg2+Avg3)/3 
Avg4 = importdata('t1z_spectra_angle_330k_separate_4.csv'); 
Avg5 = importdata('t1z_spectra_angle_330k_separate_5.csv'); 
Avg = (Avg1+Avg2+Avg3+Avg4+Avg5)/5 
  
save t1q_spectra_angle_average_ctb.csv Avg '-ascii'; 
%  
% clear all; 
% indir = '/home/kevin7shlee/Documents/rimantadine-
d3/rimantadine-d3/7_31 evening/404/'; 
% t1qspectra = [indir 'amx500_hmb_16C_qcpmg_10only.matz']; 
% cd(indir); 
% %t1qspectra = importdata('Reconstructed.csv'); 
% % timefile = [indir 'vd_suchi']; 
% % tmp = load(timefile); 
% % delay = tmp(:,1); %time recalculated to seconds 
% %t1qspectra = [indir 'vd_suchi']; 
%  
% % timefile = [indir 'vd_suchi']; 
% % tmp = load(timefile); 
% % delay = tmp(:,1); %time recalculated to seconds 
% %cd(indir); 
% delay = importdata('vd_soohyun'); 
% tmp = importdata(t1qspectra); 
% %tmp = t1qspectra; 
% t1q = tmp(:,2:end); 
% freq = tmp(:,1); 
%   
% delay_num = zeros([length(delay),1]); 
% %for i = 1:length(delay) 
%  %   if strcmp(delay{i}(end),'m') 
%   %      delay_num(i) = str2num(delay{i}(1:end-1))*1e-3; 
%    % elseif strcmp(delay{i}(end),'s') 
%     %        delay_num(i) = str2num(delay{i}(1:end-1)); 
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%     %elseif strcmp(delay{i}(end),'u') 
%      %       delay_num(i) = str2num(delay{i}(1:end-1))*1e-6; 
%     %end             
% %end 
% %for i=1:length(delay); 
%  delay_num = delay;      
% %end 
% figure(1) 
% plot(freq,t1q); 
% for j=1:3 
% output_table = zeros([length(delay),11]); 
% output_table(:,1) = delay_num; 
% %[delaymax,index] = min(delay_num); 
% for index=1:length(delay_num) 
% delaymax=delay_num(index); 
%  
% [ro,col] = size(t1q); 
% %peakint_left = max(abs(t1q(1:ro/2,index))); 
%  
% %NEGATIVE Side Change to 'theta_index-3+j' 
% [peakint,peak_freq_index] = max(abs(t1q(ro/2:end,index))); 
% peak_freq = freq(peak_freq_index+ro/2); 
% peakint_left = max(abs(t1q(1:ro/2,index))); 
% peakint_ratio = peakint_left/peakint; 
% %Positive Side 
% %[peakint_left,peak_freq_index] = max(abs(t1q(1:ro/2,index))); 
% %peak_freq = freq(peak_freq_index); 
% %peakint_right = max(abs(t1q(ro/2:end,index))); 
% %peakint_ratio = peakint_right/peakint_left; 
%  
% % peak_freq = -1.6461e+04; 
% %output_table = zeros([length(delay),11]); 
% %output_table(:,1) = delay_num; 
% %output_table(:,11) = t1q(peak_freq_index+ro/2,:)'; 
%  
% %peakint_ratio = peakint_left/peakint; 
% %peakint_ratio = 1; 
%  
% for theta=0:10:30 
%     raw_freq = -2*peak_freq*(3*cos(theta*pi/180)^2-1)/2 
%     [theta_freq,theta_index] = min(abs(freq-raw_freq)); 
%      %output_table(index,(theta+20)/10) = t1q(theta_index-
2+j,index); 
%     output_table(index,(theta+20)/10) = t1q(theta_index-
3+j,index)'; 
%  
% end   
% contri_ratio = [0.37 0.78 1.29 2.13 4.61 15.95]; 
% %contribution ratios from two branches(see origin file: 
separate_branches.obj) 
% for theta=40:10:90 
%     raw_freq = -2*peak_freq*(3*cos(theta*pi/180)^2-1)/2 



170 
 

 

%     [theta_freq,theta_index] = min(abs(freq-raw_freq)); 
%     i = (theta-30)/10; 
%     factor = (contri_ratio(i)*peakint_ratio-
contri_ratio(i)^2)/(1-contri_ratio(i)^2); 
%     %factor =1; 
%     %output_table(index,(theta+20)/10) = 
factor*t1q(theta_index-2+j,index); 
%     output_table(index,(theta+20)/10) = factor*t1q(theta_index-
3+j,index)'; 
% end   
% end 
% %cd(indir); 
% if j==1 
%     save t1z_spectra_angle_330k_separate_1.csv output_table '-
ascii'; 
% else if j==2 
%     save t1z_spectra_angle_330k_separate_2.csv output_table '-
ascii'; 
%     else if j==3 
%             save t1z_spectra_angle_330k_separate_3.csv 
output_table '-ascii'; 
%         end 
%     end 
% end 
% end 
% Avg1 = importdata('t1z_spectra_angle_330k_separate_1.csv'); 
% Avg2 = importdata('t1z_spectra_angle_330k_separate_2.csv'); 
% Avg3 = importdata('t1z_spectra_angle_330k_separate_3.csv'); 
% Avg = (Avg1+Avg2+Avg3)/3 
% save t1q_spectra_angle_average_ctbN_10.csv Avg '-ascii'; 
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CODE2. Following is the script for the angular dependence simulation. This code calls 
the main code, which does the actual simulation. 
 
%These programs have been developed by Xiaolin Xu December 2015  
%Then modified by Trivikram Molugu in April 2018 
%This function is a driving program for calculating theoretical 
spectral densities J1(w) and J2(w) 
% using the input parameters. Then calculates T1z and T1Q for 
comparing 
% with experimental relaxation data. This program plots 
relaxation as 
% function of betaDL angle.  
%------------Loading Experimental Data---------------------- 
clear all 
indir = '/home/kevin7shlee/Documents/rimantadine-d3/rimantadine-
d3/6_29_evening/8/pdata'; 
    cd(indir); 
    T1z_exp = importdata('t1z_270.dat'); 
    T1q_exp = importdata('t1q_276.dat'); 
      %------------Define input parameter values     
nu= 76.77; 
Scd = 0.889102; 
beta =70.5; %beta_PI in degrees 
tmp=inf;  %enter absolute temperature of the experiment 
%theta_value = [0 10  20  30 35.3 37.07 40 42.13 49.8 50 54.73]; 
%theta_value = [0 10  20  30 90 80 73.57 70 60 59.78 54.73]; 
%theta = [54.7356 90    35.3 80 37.07 73.57 40 70 42.13 60  49.8 
59.78  50  0 10 20 30   ]; 
theta_value = [0 10 20 30 40 050 60 70 080 90 ]; 
chi = 167000%167*1.787*3.35*60; %Quadrupolar coupling constant 
for C-D bond in units of Hz 
  
   Dpar_fin =  28.82E5% 2.5E6; %0.00005E7; 
eta = 1/(Dpar_fin)*0.0000000000000001%5.197E5; %here eta is 
Dpep/Dpar0.0000000000000001; 
   Epar_fin = 1.39e4    ; 
%%%%%%%%*************Initiation of output%%%%%%%%variables 
theta_fit = linspace(min(theta_value),max(theta_value),100); 
%%%%%-------Parameter optimization----------%%%%%%%%% 
% residue=1e2 
% T1z_exp = log(T1z_exp*1e3);  
% T1q_exp = log(T1q_exp*1e3); 
% T1z_exp_mean = mean(T1z_exp(:,1)); 
% T1q_exp_mean = mean(T1q_exp(:,1)); 
% res_matrix = zeros(50); 
% for p = 1:50 
%     for q = 1:50 
%         beta_in = 75*(1+(p/10)); 
%         eta_in =25*(1+(q/10)); 
%             theta = 90; % give theta the value of your setup 
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%             [T1z_calc, T1q_calc] = 
rate_calculation(nu,Scd,beta_in,theta,chi,eta_in,tmp,Dpar_in,Epar
_in); 
% %            T1z_value = log(T1z_calc); 
% %             T1q_value = log(T1q_calc); 
%             T1z = T1z_calc; 
%             T1q = T1q_calc; 
%            
% % *************************minimizing the least 
squares******************** 
%         %res_val = sum(sum(((T1q_exp-
T1q)/(T1q_exp_mean)).^2))+sum(sum(((T1z_exp-
T1z)/(T1z_exp_mean)).^2)); 
%         res_val = sum(sum(((T1q_exp-
T1q)/(T1q_exp_mean)).^2))+sum(sum(((T1z_exp-
T1z)/(T1z_exp_mean)).^2)); 
%         res_matrix(p,q) = res_val; 
%         if residue >= res_val 
%             residue = res_val 
%             pmin = p; %pmin is the optimal value corresponding 
to minimum error 
%             qmin = q; %qmin is the optimal value coprresponding 
to the minimum error 
%         end 
%     end 
% end 
%   Dpar_fin=Dpar_in; 
%   Epar_fin=Epar_in; 
% beta=beta_in 
% eta=eta_in 
%%%%%-------End Parameter optimization----------%%%%%%%%% 
  
  
for i=1:1:17 
  theta_valuez = [54.7356 90    35.3 80 37.07 73.57 40 70 42.13 
60  49.8 59.78  50  0 10 20 30   ]; 
   theta=theta_valuez(i); 
   [T1z_fit, T1q_fit] = 
rate_calculation(nu,Scd,beta,theta,chi,eta,tmp,Dpar_fin,Epar_fin)
; 
   %theta=theta_value(i);  
   Avg(i,3)=T1q_fit 
Avg(i,2)=T1z_fit 
Avg(i,1)=theta 
  
end 
%save fitteddatarot79p5.csv Avg '-ascii'; 
  
for k=1:size(theta_fit,2) 
    theta=theta_fit(k); 
[T1z_fit, T1q_fit] = 
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rate_calculation(nu,Scd,beta,theta,chi,eta,tmp,Dpar_fin,Epar_fin)
; 
 T1zfit(k)=T1z_fit; 
 T1qfit(k)=T1q_fit; 
end 
  
  
figure(2) 
plot(theta_value,T1z_exp','.','Markersize',25); 
hold on 
plot(theta_fit,T1zfit','r','LineWidth',2); 
hold off 
title('T1z-exp & T1z-fit','FontSize',15) 
  
figure(3) 
plot(theta_value,T1q_exp','.','Markersize',25); 
hold on 
plot(theta_fit,T1qfit','r','LineWidth',2); 
hold off 
title('T1q-exp & T1q-fit','FontSize',15) 
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CODE3. Following is the main simulation code for the angular dependence simulation. 
The code was used to get the T1Z angular dependence data.  
 
%relaxation time T1z and T1q functions calculation 
  
function [T1z,T1q] = 
rate_calculation(nu,Scd,beta,theta,chi,eta,tmpr,Dpar_ini,Ea_par) 
  
%% defination of constant 
w0 = nu*10^6*2*pi; 
R = 8.3145; 
  
%/*optimize potential parameter lambda(l=U1/kT) with order 
parameter*/ 
tot = 1000; 
for l_trial=1:.01:50 
    Th=(exp(2*l_trial)-1)/(exp(2*l_trial)+1); 
    Scd_fit =1-3/(l_trial*Th)+3/l_trial^2; 
    if abs(Scd_fit-Scd) < tot 
        l = l_trial; 
        tot = abs(Scd_fit-Scd); 
    end 
end 
  
lambda = l; %lambda is related to the first order potential 
  
%%  <P1>, <P2>, <P3>, and <P4> calculation 
Th=(exp(2*lambda)-1)/(exp(2*lambda)+1); 
% a is <P2>, b is <P4>, a=b=1 for rigid potential 
a = 5*(1-3/(lambda*Th)+3/lambda^2);                       % 
d(2)00(beta)*5 
b = 5*(1-
1/Th*(105/lambda^3+10/lambda)+105/lambda^4+45/lambda^2);   % 
d(4)00(beta)*5 
c = 5*(-1/Th+1/lambda);                             % 
d(1)00(beta)*5 
d = 5*(-1/Th*(1+15/lambda^2)+6/lambda+15/lambda^3);           % 
d(3)00(beta)*5 
  
%% mean-squared moduli of wigner rotation matrix elements  
d00 = 1/5*(1+2/7*a+18/35*b); 
d0p1 = 1/5*(1+a/7-12*b/35); 
dp10 = d0p1; 
d0m1 = d0p1; 
dm10 = d0p1; 
d0p2 = 1/5*(1-2/7*a+3/35*b); 
dp1p2=d00; 
dp2p1 = dp1p2; 
dm1m2 = dp1p2; 
dp20 = d0p2; 
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d0m2 = d0p2; 
dm20 = d0p2; 
dp1p1 = 1/5*(1+1/10*c+1/14*a+2/5*d+8/35*b); 
dm1m1 = dp1p1; 
dp1p2 = 1/5*(1+1/5*c-1/7*a-d/5-2/35*b); 
dm2m1 = dp1p2; 
dp2p2 = 1/5*(1+2*c/5+2/7*a+d/10+1/70*b); 
dm2m2 = dp2p2; 
dp1m1 = 1/5*(1-1/10*c+1/14*a-2/5*d+8/35*b); 
dm1p1 = dp1m1; 
dp1m2 = 1/5*(1-1/5*c-1/7*a+1/5*d-2/35*b); 
dm2p1 = dp1m2; 
dm1p2 = dp1m2; 
dp2m1 = dp1m2; 
dp2m2 = 1/5*(1-2/5*c+2/7*a-1/10*d+1/70*b); 
dm2p2 = dp2m2; 
  
%% moments calculation 
U00 = 1/5*(6+6/7*a-72/35*b); 
U0p1 = 1/5*(6+3/7*a+48/35*b); 
Up10 = U0p1; 
U0m1 = U0p1; 
Um10 = U0p1; 
U0p2 = 1/5*(6-6/7*a-12/35*b); 
Up20 = U0p2; 
U0m2 = U0p2; 
Um20 = U0p2; 
Up1p1 = 1/5*(6+1/2*c+3/14*a-32/35*b); 
Um1m1 = Up1p1; 
Up1p2 = 1/5*(6+c-3/7*a+8/35*b); 
Up2p1 = Up1p2; 
Um1m2 = Up1p2; 
Um2m1 = Up1p2; 
Up2p2 = 1/5*(6+2*c+6/7*a-2/35*b); 
Um2m2 = Up2p2; 
Up1m1 = 1/5*(6-1/2*c+3/14*a-32/35*b); 
Um1p1 = Up1m1; 
Up1m2 = 1/5*(6-c-3/7*a+8/35*b); 
Um2p1 = Up1m2; 
Um1p2 = Up1m2; 
Up2m1 = Up1m2; 
Up2m2 = 1/5*(6-2*c+6/7*a-2/35*b); 
Um2p2 = Up2m2; 
  
%% squared moduli of wigner rotation matrix elements 
angle = [beta, theta]/180*pi; 
  
Dp2p2 = (1+cos(angle)).^4/16; 
Dp2p1 = (1+cos(angle)).^2.*(sin(angle)).^2/4; 
Dp20 = 3/8*(sin(angle)).^4; 
Dp2m1 = (1-cos(angle)).^2.*(sin(angle)).^2/4; 
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Dp2m2 = (1-cos(angle)).^4/16; 
  
Dp1p2 = Dp2p1; 
Dp1p1 = (cos(angle).^2-(1-cos(angle))./2).^2; 
Dp10 = 3/8*(sin(2*angle)).^2; 
Dp1m1 = ((1+cos(angle))./2-(cos(angle)).^2).^2; 
Dp1m2 = (1-cos(angle)).^2.*(sin(angle)).^2/4; 
  
D0p2 = Dp20; 
D0p1 = Dp10; 
D00 =(3*(cos(angle)).^2-1).^2/4; 
D0m1 = 3/8*(sin(2*angle)).^2; 
D0m2 = 3/8*(sin(angle)).^4; 
  
Dm1p2 = Dp2m1; 
Dm1p1 = Dp1m1; 
Dm10 = D0m1; 
Dm1m1 = (cos(angle).^2-(1-cos(angle))./2).^2; 
Dm1m2 = (1+cos(angle)).^2.*(sin(angle)).^2/4; 
  
Dm2p2 = Dp2m2; 
Dm2p1 = Dp1m2; 
Dm20 = D0m2; 
Dm2m1 = Dm1m2; 
Dm2m2 = (1+cos(angle)).^4/16; 
  
%% calculation of diffusion coefficients 
Dper = zeros(1,300); 
Dpar = zeros(1,300); 
  
%temp_fit = linspace(min(tmpr),max(tmpr),300)/1000; %tmpr is the 
reverse temperatures we did experiments with 
Dpar = Dpar_ini*exp(-(Ea_par/(R*tmpr)));  
Dper = Dpar.*eta; 
  
%% calculation of correlation times 
t00 = 1./(Dper*U00/(d00-(a/5)^2)+0^2*(Dpar-Dper));  
t0p1 = 1./(Dper*U0p1/d0p1+0^2*(Dpar-Dper)); 
t0m1 = t0p1; 
t0p2 = 1./(Dper*U0p2/d0p2+0^2*(Dpar-Dper)); 
t0m2 = t0p2;  
tp2p1 = 1./(Dper*Up2p1/dp2p1+2^2*(Dpar-Dper)); 
tm2m1 = tp2p1; 
tp2m1 = 1./(Dper*Up2m1/dp2m1+2^2*(Dpar-Dper)); 
tm2p1 = tp2m1; 
tp2p2 = 1./(Dper*Up2p2/dp2p2+2^2*(Dpar-Dper)); 
tm2m2 = tp2p2; 
tp2m2 = 1./(Dper*Up2m2/dp2m2+2^2*(Dpar-Dper)); 
tm2p2 = tp2m2; 
tp20 = 1./(Dper*Up20/dp20+2^2*(Dpar-Dper)); 
tm20 = tp20; 
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tp1p1=1./(Dper*Up1p1/dp1p1+1^2*(Dpar-Dper)); 
tm1m1 = tp1p1; 
tp1m1=1./(Dper*Up1m1/dp1m1+1^2*(Dpar-Dper)); 
tm1p1 = tp1m1; 
tp1p2 = 1./(Dper*Up1p2/dp1p2+1^2*(Dpar-Dper)); 
tm1m2 = tp1p2; 
tp1m2=1./(Dper*Up1m2/dp1m2+1^2*(Dpar-Dper)); 
tm1p2=tp1m2; 
tp10=1./(Dper*Up10/dp10+1^2*(Dpar-Dper)); 
tm10=tp10; 
  
%% calculation of spectral densities 
w = w0; 
jm2m2=2*tm2m2./(1+(w*tm2m2).^2); jm2m1=2*tm2m1./(1+(w*tm2m1).^2); 
jm20=2*tm20./(1+(w*tm20).^2); jm2p1=2*tm2p1./(1+(w*tm2p1).^2); 
jm2p2=2*tm2p2./(1+(w*tm2p2).^2); 
jm1m2=2*tm1m2./(1+(w*tm1m2).^2); jm1m1=2*tm1m1./(1+(w*tm1m1).^2); 
jm10=2*tm10./(1+(w*tm10).^2); jm1p1=2*tm1p1./(1+(w*tm1p1).^2); 
jm1p2=2*tm1p2./(1+(w*tm1p2).^2); 
j0m2=2*t0m2./(1+(w*t0m2).^2); j0m1=2*t0m1./(1+(w*t0m1).^2); 
j00=2*t00./(1+(w*t00).^2); j0p1=2*t0p1./(1+(w*t0p1).^2); 
j0p2=2*t0p2./(1+(w*t0p2).^2); 
jp1m2=2*tp1m2./(1+(w*tp1m2).^2); jp1m1=2*tp1m1./(1+(w*tp1m1).^2); 
jp10=2*tp10./(1+(w*tp10).^2); jp1p1=2*tp1p1./(1+(w*tp1p1).^2); 
jp1p2=2*tp1p2./(1+(w*tp1p2).^2); 
jp2m2=2*tp2m2./(1+(w*tp2m2).^2); jp2m1=2*tp2m1./(1+(w*tp2m1).^2); 
jp20=2*tp20./(1+(w*tp20).^2); jp2p1=2*tp2p1./(1+(w*tp2p1).^2); 
jp2p2=2*tp2p2./(1+(w*tp2p2).^2); 
  
  
J0=D0m2(1)*(dm2m2*jm2m2*Dm20(2)+dm2m1*jm2m1*Dm10(2)+dm20*jm20*D00
(2)+dm2p1*jm2p1*Dp10(2)+dm2p2*jm2p2*Dp20(2))+ ... 
   
D0m1(1)*(dm1m2*jm1m2*Dm20(2)+dm1m1*jm1m1*Dm10(2)+dm10*jm10*D00(2)
+dm1p1*jm1p1*Dp10(2)+dm1p2*jm1p2*Dp20(2))+ ... 
   D00(1)*(d0m2*j0m2*Dm20(2)+d0m1*j0m1*Dm10(2)+(d00-
(a/5)^2)*j00*D00(2)+d0p1*j0p1*Dp10(2)+d0p2*j0p2*Dp20(2))+ ... 
   
D0p1(1)*(dp1m2*jp1m2*Dm20(2)+dp1m1*jp1m1*Dm10(2)+dp10*jp10*D00(2)
+dp1p1*jp1p1*Dp10(2)+dp1p2*jp1p2*Dp20(2))+ ... 
   
D0p2(1)*(dp2m2*jp2m2*Dm20(2)+dp2m1*jp2m1*Dm10(2)+dp20*jp20*D00(2)
+dp2p1*jp2p1*Dp10(2)+dp2p2*jp2p2*Dp20(2)); 
  
w = w0; 
jm2m2=2*tm2m2./(1+(w*tm2m2).^2); jm2m1=2*tm2m1./(1+(w*tm2m1).^2); 
jm20=2*tm20./(1+(w*tm20).^2); jm2p1=2*tm2p1./(1+(w*tm2p1).^2); 
jm2p2=2*tm2p2./(1+(w*tm2p2).^2); 
jm1m2=2*tm1m2./(1+(w*tm1m2).^2); jm1m1=2*tm1m1./(1+(w*tm1m1).^2); 
jm10=2*tm10./(1+(w*tm10).^2); jm1p1=2*tm1p1./(1+(w*tm1p1).^2); 
jm1p2=2*tm1p2./(1+(w*tm1p2).^2); 
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j0m2=2*t0m2./(1+(w*t0m2).^2); j0m1=2*t0m1./(1+(w*t0m1).^2); 
j00=2*t00./(1+(w*t00).^2); j0p1=2*t0p1./(1+(w*t0p1).^2); 
j0p2=2*t0p2./(1+(w*t0p2).^2); 
jp1m2=2*tp1m2./(1+(w*tp1m2).^2); jp1m1=2*tp1m1./(1+(w*tp1m1).^2); 
jp10=2*tp10./(1+(w*tp10).^2); jp1p1=2*tp1p1./(1+(w*tp1p1).^2); 
jp1p2=2*tp1p2./(1+(w*tp1p2).^2); 
jp2m2=2*tp2m2./(1+(w*tp2m2).^2); jp2m1=2*tp2m1./(1+(w*tp2m1).^2); 
jp20=2*tp20./(1+(w*tp20).^2); jp2p1=2*tp2p1./(1+(w*tp2p1).^2); 
jp2p2=2*tp2p2./(1+(w*tp2p2).^2); 
  
  
J1=D0m2(1)*(dm2m2*jm2m2*Dm2p1(2)+dm2m1*jm2m1*Dm1p1(2)+dm20*jm20*D
0p1(2)+dm2p1*jm2p1*Dp1p1(2)+dm2p2*jm2p2*Dp2p1(2))+ ... 
   
D0m1(1)*(dm1m2*jm1m2*Dm2p1(2)+dm1m1*jm1m1*Dm1p1(2)+dm10*jm10*D0p1
(2)+dm1p1*jm1p1*Dp1p1(2)+dm1p2*jm1p2*Dp2p1(2))+ ... 
   D00(1)*(d0m2*j0m2*Dm2p1(2)+d0m1*j0m1*Dm1p1(2)+(d00-
(a/5)^2)*j00*D0p1(2)+d0p1*j0p1*Dp1p1(2)+d0p2*j0p2*Dp2p1(2))+ ... 
   
D0p1(1)*(dp1m2*jp1m2*Dm2p1(2)+dp1m1*jp1m1*Dm1p1(2)+dp10*jp10*D0p1
(2)+dp1p1*jp1p1*Dp1p1(2)+dp1p2*jp1p2*Dp2p1(2))+ ... 
   
D0p2(1)*(dp2m2*jp2m2*Dm2p1(2)+dp2m1*jp2m1*Dm1p1(2)+dp20*jp20*D0p1
(2)+dp2p1*jp2p1*Dp1p1(2)+dp2p2*jp2p2*Dp2p1(2)); 
  
w = w0; 
jm2m2=2*tm2m2./(1+(w*tm2m2).^2); jm2m1=2*tm2m1./(1+(w*tm2m1).^2); 
jm20=2*tm20./(1+(w*tm20).^2); jm2p1=2*tm2p1./(1+(w*tm2p1).^2); 
jm2p2=2*tm2p2./(1+(w*tm2p2).^2); 
jm1m2=2*tm1m2./(1+(w*tm1m2).^2); jm1m1=2*tm1m1./(1+(w*tm1m1).^2); 
jm10=2*tm10./(1+(w*tm10).^2); jm1p1=2*tm1p1./(1+(w*tm1p1).^2); 
jm1p2=2*tm1p2./(1+(w*tm1p2).^2); 
j0m2=2*t0m2./(1+(w*t0m2).^2); j0m1=2*t0m1./(1+(w*t0m1).^2); 
j00=2*t00./(1+(w*t00).^2); j0p1=2*t0p1./(1+(w*t0p1).^2); 
j0p2=2*t0p2./(1+(w*t0p2).^2); 
jp1m2=2*tp1m2./(1+(w*tp1m2).^2); jp1m1=2*tp1m1./(1+(w*tp1m1).^2); 
jp10=2*tp10./(1+(w*tp10).^2); jp1p1=2*tp1p1./(1+(w*tp1p1).^2); 
jp1p2=2*tp1p2./(1+(w*tp1p2).^2); 
jp2m2=2*tp2m2./(1+(w*tp2m2).^2); jp2m1=2*tp2m1./(1+(w*tp2m1).^2); 
jp20=2*tp20./(1+(w*tp20).^2); jp2p1=2*tp2p1./(1+(w*tp2p1).^2); 
jp2p2=2*tp2p2./(1+(w*tp2p2).^2); 
  
J2=D0m2(1)*(dm2m2*jm2m2*Dm2p2(2)+dm2m1*jm2m1*Dm1p2(2)+dm20*jm20*D
0p2(2)+dm2p1*jm2p1*Dp1p2(2)+dm2p2*jm2p2*Dp2p2(2))+ ... 
   
D0m1(1)*(dm1m2*jm1m2*Dm2p2(2)+dm1m1*jm1m1*Dm1p2(2)+dm10*jm10*D0p2
(2)+dm1p1*jm1p1*Dp1p2(2)+dm1p2*jm1p2*Dp2p2(2))+ ... 
   D00(1)*(d0m2*j0m2*Dm2p2(2)+d0m1*j0m1*Dm1p2(2)+(d00-
(a/5)^2)*j00*D0p2(2)+d0p1*j0p1*Dp1p2(2)+d0p2*j0p2*Dp2p2(2))+ ... 
   
D0p1(1)*(dp1m2*jp1m2*Dm2p2(2)+dp1m1*jp1m1*Dm1p2(2)+dp10*jp10*D0p2
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(2)+dp1p1*jp1p1*Dp1p2(2)+dp1p2*jp1p2*Dp2p2(2))+ ... 
   
D0p2(1)*(dp2m2*jp2m2*Dm2p2(2)+dp2m1*jp2m1*Dm1p2(2)+dp20*jp20*D0p2
(2)+dp2p1*jp2p1*Dp1p2(2)+dp2p2*jp2p2*Dp2p2(2)); 
  
%% calculation of relaxation  rates 
R1z = 3/4*pi^2*chi^2*(J1+4*J2); 
R1q = 9/4*pi^2*chi^2*J1; 
  
T1z = 1./R1z; 
T1q = 1./R1q; 
  
end 
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CODE 5. The code used to simulate the temperature-dependent relaxation at the edge 
(θ=90o) of the line shape spectra. This program calls for the main code named 
‘relaxation_Kevmodified’. 
 
clear all; 
tic 
%close all; 
%******************loading experimental 
data**************************** 
indir = '/home/kevin7shlee/Documents/Rimantadine/first simula-
tion/more T1zplots/accurate_but_lesspoint_data'; 
    cd (indir) 
    t1z = importdata('SpecDens_w0.csv'); 
    %unit is in seconds 
    T1z_exp = t1z; 
    t1q = importdata('SpecDens_2w0.csv'); 
    T1q_exp = t1q; 
    temp_value = importdata( 'temperatures.csv'); 
    %unit is in Kelvin 
%     tmp = 1./temp_value; 
    tmp = temp_value; 
    tmpr =1000*tmp; 
     err = importdata('Ebar.csv'); 
     errz = importdata('Ebarz.csv'); 
 %***************Define input parameter val-
ues************************   
nu =76.87 
% nu_value = [76.77, 153.54]; 
Scd = 1%0.9292; 
beta = 81.5; 
beta = 70.5; 
theta = 90; 
%added for the multiangle calculation 
 theta_fit = theta; 
Dpar_ini = 2.5E12%0.4e13%2.06e13;%1.5e13is the limit for methyl 
group 
Ea_par = 1.3E4%1.22454e4%1.7639e5*(qmin*0.1); 
  
chi = 145.4*1e3; 
eta = 1E-40; %here eta is Dpep/Dpar; 
%  Dpar_ini = 0.008e12; 
%  Ea_par = 1.15e4; 
%   
 residue = 1e10; 
counter = 0; 
%%%%%%%%*************Initiation of output%%%%%%%%variables 
tmpr_fit = linspace(min(tmpr),max(tmpr),300); 
i = ceil((tmpr-min(tmpr))/((max(tmpr)-
min(tmpr))/(size(tmpr_fit,2)-1)))+1; 
T1z_exp = log(T1z_exp*1e3);  
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T1q_exp = log(T1q_exp*1e3); 
T1z_exp_mean = mean(T1z_exp(:,1)); 
T1q_exp_mean = mean(T1q_exp(:,1)); 
%res_matrix = zeros(50); 
 %for j = 1:1%size(theta_value,2) %change this line to j=1:1 
  %          theta =90% theta_value(j); %chage this line to theta 
= 'your theta' 
 %            [T1z_calc, T1q_value] = relaxation_calculation_Kev-
Modified(nu,Scd,beta,theta,chi,eta,tmpr,Dpar_ini,Ea_par); 
 %            T1z_fit = log(T1z_calc*1e3); 
 %            T1q_fit = log(T1q_value*1e3); 
  
 %end 
%for p = 1:50 
 %   for q = 1:50 
 %       Dpar_ini = 2.5e12*p/10; 
 %       Ea_par =1.35e4*(q*0.1); 
 %           theta = 90; % give theta the value of your setup 
 %         T1z_calc = log(T1z_fit(i)'); 
  %        T1q_value = log(T1q_fit(i)'); 
  %          T1z = T1z_calc; 
  %          T1q = T1q_value; 
           
 %*************************minimizing the least 
squares******************** 
        %res_val = sum(sum(((T1q_exp-
T1q)/(T1q_exp_mean)).^2))+sum(sum(((T1z_exp-
T1z)/(T1z_exp_mean)).^2)); 
   %     res_val = sum(sum(((T1q_exp-
T1q)/(T1q_exp_mean)).^2))+sum(sum(((T1z_exp-
T1z)/(T1z_exp_mean)).^2)); 
    %    res_matrix(p,q) = res_val; 
    %    if residue >= res_val 
   %         residue = res_val 
   %         pmin = p %pmin is the optimal value corresponding to 
minimum error 
    %        qmin = q %qmin is the optimal value coprresponding 
to the minimum error 
    %    end 
   % end 
%end 
pmin = 1;  
qmin =1;  
% Dpar_ini =3.5e13;%1.5e13is the limit for methyl group 
% Ea_par = 4.0221e4%2.9951e5*(qmin*0.1); 
  
%comment this too if no angular dependence 
% for k=1:size(theta_fit,2) 
%     theta=theta_fit(k); 
%tmp=0; 
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  % [T1z_fit, T1q_fit] = rate_calcula-
tion(nu,Scd,beta,theta,chi,eta,tmp,Dpar_fin,Epar_fin); 
% [T1z_fit, T1q_fit] = relaxation_calculation_KevModi-
fied(nu,Scd,beta,theta,chi,eta,tmpr,Dpar_ini,Ea_par); 
% %T1z_fit = log(T1z_fit*1e3);  
% %T1q_fit = log(T1q_fit*1e3); 
% T1zfit(k)=T1z_fit; 
% T1qfit(k)=T1q_fit; 
% end 
  
% Commenting because of the multiangle calculation 
[T1z_fit, T1q_fit] = relaxation_calculation_KevModi-
fied_Rimantadinev3(nu,Scd,beta,theta,chi,eta,tmpr_fit,Dpar_ini,Ea
_par); 
T1z_fit = log(T1z_fit*1e3);  
T1q_fit = log(T1q_fit*1e3); 
 T1zfit=T1z_fit; 
 T1qfit=T1q_fit; 
  
             
figure(1) 
%contourf(1:50,1:50,res_matrix); 
colorbar; 
title('residue plot','FontSize',15) 
  
figure(2) 
 plot(tmpr,T1z_exp','.','Markersize',13); 
% errorbar(tmpr, T1z_exp, errz,'d','color','k' , 'Markersize',6, 
'MarkerEdgeColor','blue','MarkerFaceColor','[0,0.4470,0.7410]') 
hold on 
plot(tmpr_fit,T1zfit','LineWidth',2); 
hold off 
title('T1z-exp & T1z-fit','FontSize',15) 
  
figure(3) 
 plot(tmpr,T1q_exp','.','Markersize',13); 
% errorbar(tmpr, T1q_exp, err,'d','color','k','Markersize',6, 
'MarkerEdgeColor','blue','MarkerFaceColor','[0,0.4470,0.7410]') 
hold on 
plot(tmpr_fit,T1qfit','LineWidth',2); 
hold off 
title('T1q-exp & T1q-fit','FontSize',15) 
  
toc 
%erased for anglular dependance 
 fdat = [tmpr_fit', T1zfit', T1qfit']; 
  
%  fdat = [theta_fit', T1zfit', T1qfit']; 
%   save remantadine_relax_tempv4_FINv2.txt fdat -ascii 
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CODE 6 The main program used to simulate the relaxation rate of rimantadine-d3.  
%relaxation time T1z and T1q functions calculation 
  
function  [T1z,T1q] = relaxation_calculation_KevModi-
fiedv3(nu,Scd,beta,theta,chi,eta,tmpr,Dpar_ini,Ea_par) 
  
%% defination of constant 
w0 = nu*10^6*2*pi; 
R = 8.3145; 
% J0=0; 
% J1=0; 
% J2=0; 
  
%/*optimize potential parameter lambda(l=U1/kT) with order param-
eter*/ 
tot = 1000; 
for l_trial=1:.01:50 
    Th=(exp(2*l_trial)-1)/(exp(2*l_trial)+1); 
    Scd_fit =1-3/(l_trial*Th)+3/l_trial^2; 
    if abs(Scd_fit-Scd) < tot 
        l = l_trial; 
        tot = abs(Scd_fit-Scd); 
    else 
    end 
  
lambda = l; %lambda is related to the first order potential 
  
%%  <P1>, <P2>, <P3>, and <P4> calculation 
Th=(exp(2*lambda)-1)/(exp(2*lambda)+1); 
% a is <P2>, b is <P4>, a=b=1 for rigid potential 
a = 5*(1-3/(lambda*Th)+3/lambda^2);                       % 
d(2)00(beta)*5 
b = 5*(1-
1/Th*(105/lambda^3+10/lambda)+105/lambda^4+45/lambda^2);   % 
d(4)00(beta)*5 
c = 5*(-1/Th+1/lambda);                             % 
d(1)00(beta)*5 
d = 5*(-1/Th*(1+15/lambda^2)+6/lambda+15/lambda^3);           % 
d(3)00(beta)*5 
  
%% mean-squared moduli of wigner rotation matrix elements  
d00 = 1/5*(1+2/7*a+18/35*b); 
d0p1 = 1/5*(1+a/7-12*b/35); 
dp10 = d0p1; 
d0m1 = d0p1; 
dm10 = d0p1; 
d0p2 = 1/5*(1-2/7*a+3/35*b); 
dp20 = d0p2; 
d0m2 = d0p2; 
dm20 = d0p2; 
dp1p1 = 1/5*(1+1/10*c+1/14*a+2/5*d+8/35*b); 
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dm1m1 = dp1p1; 
dp1p2 = 1/5*(1+1/5*c-1/7*a-d/5-2/35*b); 
dp2p1 = dp1p2; 
dm1m2 = dp1p2; 
dm2m1 = dp1p2; 
dp2p2 = 1/5*(1+2*c/5+2/7*a+d/10+1/70*b); 
dm2m2 = dp2p2; 
dp1m1 = 1/5*(1-1/10*c+1/14*a-2/5*d+8/35*b); 
dm1p1 = dp1m1; 
dp1m2 = 1/5*(1-1/5*c-1/7*a+1/5*d-2/35*b); 
dm2p1 = dp1m2; 
dm1p2 = dp1m2; 
dp2m1 = dp1m2; 
dp2m2 = 1/5*(1-2/5*c+2/7*a-1/10*d+1/70*b); 
dm2p2 = dp2m2; 
  
%% moments calculation 
U00 = 1/5*(6+6/7*a-72/35*b); 
U0p1 = 1/5*(6+3/7*a+48/35*b); 
Up10 = U0p1; 
U0m1 = U0p1; 
Um10 = U0p1; 
U0p2 = 1/5*(6-6/7*a-12/35*b); 
Up20 = U0p2; 
U0m2 = U0p2; 
Um20 = U0p2; 
Up1p1 = 1/5*(6+1/2*c+3/14*a-32/35*b); 
Um1m1 = Up1p1; 
Up1p2 = 1/5*(6+c-3/7*a+8/35*b); 
Up2p1 = Up1p2; 
Um1m2 = Up1p2; 
Um2m1 = Up1p2; 
Up2p2 = 1/5*(6+2*c+6/7*a-2/35*b); 
Um2m2 = Up2p2; 
Up1m1 = 1/5*(6-1/2*c+3/14*a-32/35*b); 
Um1p1 = Up1m1; 
Up1m2 = 1/5*(6-c-3/7*a+8/35*b); 
Um2p1 = Up1m2; 
Um1p2 = Up1m2; 
Up2m1 = Up1m2; 
Up2m2 = 1/5*(6-2*c+6/7*a-2/35*b); 
Um2p2 = Up2m2; 
  
%% squared moduli of wigner rotation matrix elements 
angle = [beta, theta]/180*pi; 
  
Dp2p2 = (1+cos(angle)).^4/16; 
Dp2p1 = (1+cos(angle)).^2.*(sin(angle)).^2/4; 
Dp20 = 3/8*(sin(angle)).^4; 
Dp2m1 = (1-cos(angle)).^2.*(sin(angle)).^2/4; 
Dp2m2 = (1-cos(angle)).^4/16; 
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Dp1p2 = Dp2p1; 
Dp1p1 = (cos(angle).^2-(1-cos(angle))./2).^2; 
Dp10 = 3/8*(sin(2*angle)).^2; 
Dp1m1 = ((1+cos(angle))./2-(cos(angle)).^2).^2; 
Dp1m2 = (1-cos(angle)).^2.*(sin(angle)).^2/4; 
  
D0p2 = Dp20; 
D0p1 = Dp10; 
D00 =(3*(cos(angle)).^2-1).^2/4; 
D0m1 = 3/8*(sin(2*angle)).^2; 
D0m2 = 3/8*(sin(angle)).^4; 
  
Dm1p2 = Dp2m1; 
Dm1p1 = Dp1m1; 
Dm10 = D0m1; 
Dm1m1 = (cos(angle).^2-(1-cos(angle))./2).^2; 
Dm1m2 = (1+cos(angle)).^2.*(sin(angle)).^2/4; 
  
Dm2p2 = Dp2m2; 
Dm2p1 = Dp1m2; 
Dm20 = D0m2; 
Dm2m1 = Dm1m2; 
Dm2m2 = (1+cos(angle)).^4/16; 
  
%% calculation of diffusion coefficients 
Dper = zeros(1,300); 
Dpar = zeros(1,300); 
  
temp_fit = linspace(min(tmpr),max(tmpr),300)/1000; %tmpr is the 
reverse temperatures we did experiments with 
% Dpar = Dpar_ini*exp(-(Ea_par/R*temp_fit));  
  
%%Being modified for angular dependence calculation 
%%added for angular dependence calculation 
%    Dpar_ini = 7.4787E9 
   
%Dpar = Dpar_ini*exp(-(Ea_par/R*temp_fit));  
  
%added for angular dependence calculation 
% Dpar = Dpar_ini*exp(-(Ea_par/R/inf));  
  
%%erased because angular dependence calculation 
Dpar = Dpar_ini*exp(-(Ea_par/R*temp_fit));  
  
% I am modifying this section for angular dependence study 
Dper = Dpar.*eta; 
  
%This is after the rimantadine simulation 
% Dper = Dper*exp(-(15351/R*temp_fit));  
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% Dper = 0.0000000000000001; 
  
%%added for angular dependence calculation 
%temp_fit = linspace(min(tmpr),max(tmpr),300)/1000; 
%% calculation of correlation times 
t00 = 1./(Dper*U00/(d00-(a/5)^2)+0^2*(Dpar-Dper));  
t0p1 = 1./(Dper*U0p1/d0p1+0^2*(Dpar-Dper)); 
t0m1 = t0p1; 
t0p2 = 1./(Dper*U0p2/d0p2+0^2*(Dpar-Dper)); 
t0m2 = t0p2;  
tp2p1 = 1./(Dper*Up2p1/dp2p1+2^2*(Dpar-Dper)); 
tm2m1 = tp2p1; 
tp2m1 = 1./(Dper*Up2m1/dp2m1+2^2*(Dpar-Dper)); 
tm2p1 = tp2m1; 
tp2p2 = 1./(Dper*Up2p2/dp2p2+2^2*(Dpar-Dper)); 
tm2m2 = tp2p2; 
tp2m2 = 1./(Dper*Up2m2/dp2m2+2^2*(Dpar-Dper)); 
tm2p2 = tp2m2; 
tp20 = 1./(Dper*Up20/dp20+2^2*(Dpar-Dper)); 
tm20 = tp20; 
tp1p1=1./(Dper*Up1p1/dp1p1+1^2*(Dpar-Dper)); 
tm1m1 = tp1p1; 
tp1m1=1./(Dper*Up1m1/dp1m1+1^2*(Dpar-Dper)); 
tm1p1 = tp1m1; 
tp1p2 = 1./(Dper*Up1p2/dp1p2+1^2*(Dpar-Dper)); 
tm1m2 = tp1p2; 
tp1m2=1./(Dper*Up1m2/dp1m2+1^2*(Dpar-Dper)); 
tm1p2=tp1m2; 
tp10=1./(Dper*Up10/dp10+1^2*(Dpar-Dper)); 
tm10=tp10; 
  
%% calculation of spectral densities 
w = w0; 
jm2m2=2*tm2m2./(1+(w*tm2m2).^2); jm2m1=2*tm2m1./(1+(w*tm2m1).^2); 
jm20=2*tm20./(1+(w*tm20).^2); jm2p1=2*tm2p1./(1+(w*tm2p1).^2); 
jm2p2=2*tm2p2./(1+(w*tm2p2).^2); 
jm1m2=2*tm1m2./(1+(w*tm1m2).^2); jm1m1=2*tm1m1./(1+(w*tm1m1).^2); 
jm10=2*tm10./(1+(w*tm10).^2); jm1p1=2*tm1p1./(1+(w*tm1p1).^2); 
jm1p2=2*tm1p2./(1+(w*tm1p2).^2); 
j0m2=2*t0m2./(1+(w*t0m2).^2); j0m1=2*t0m1./(1+(w*t0m1).^2); 
j00=2*t00./(1+(w*t00).^2); j0p1=2*t0p1./(1+(w*t0p1).^2); 
j0p2=2*t0p2./(1+(w*t0p2).^2); 
jp1m2=2*tp1m2./(1+(w*tp1m2).^2); jp1m1=2*tp1m1./(1+(w*tp1m1).^2); 
jp10=2*tp10./(1+(w*tp10).^2); jp1p1=2*tp1p1./(1+(w*tp1p1).^2); 
jp1p2=2*tp1p2./(1+(w*tp1p2).^2); 
jp2m2=2*tp2m2./(1+(w*tp2m2).^2); jp2m1=2*tp2m1./(1+(w*tp2m1).^2); 
jp20=2*tp20./(1+(w*tp20).^2); jp2p1=2*tp2p1./(1+(w*tp2p1).^2); 
jp2p2=2*tp2p2./(1+(w*tp2p2).^2); 
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J0=D0m2(1)*(dm2m2*jm2m2*Dm20(2)+dm2m1*jm2m1*Dm10(2)+dm20*jm20*D00
(2)+dm2p1*jm2p1*Dp10(2)+dm2p2*jm2p2*Dp20(2))+ ... 
   
D0m1(1)*(dm1m2*jm1m2*Dm20(2)+dm1m1*jm1m1*Dm10(2)+dm10*jm10*D00(2)
+dm1p1*jm1p1*Dp10(2)+dm1p2*jm1p2*Dp20(2))+ ... 
   D00(1)*(d0m2*j0m2*Dm20(2)+d0m1*j0m1*Dm10(2)+(d00-
(a/5)^2)*j00*D00(2)+d0p1*j0p1*Dp10(2)+d0p2*j0p2*Dp20(2))+ ... 
   
D0p1(1)*(dp1m2*jp1m2*Dm20(2)+dp1m1*jp1m1*Dm10(2)+dp10*jp10*D00(2)
+dp1p1*jp1p1*Dp10(2)+dp1p2*jp1p2*Dp20(2))+ ... 
   
D0p2(1)*(dp2m2*jp2m2*Dm20(2)+dp2m1*jp2m1*Dm10(2)+dp20*jp20*D00(2)
+dp2p1*jp2p1*Dp10(2)+dp2p2*jp2p2*Dp20(2)); 
  
w = w0; 
jm2m2=2*tm2m2./(1+(w*tm2m2).^2); jm2m1=2*tm2m1./(1+(w*tm2m1).^2); 
jm20=2*tm20./(1+(w*tm20).^2); jm2p1=2*tm2p1./(1+(w*tm2p1).^2); 
jm2p2=2*tm2p2./(1+(w*tm2p2).^2); 
jm1m2=2*tm1m2./(1+(w*tm1m2).^2); jm1m1=2*tm1m1./(1+(w*tm1m1).^2); 
jm10=2*tm10./(1+(w*tm10).^2); jm1p1=2*tm1p1./(1+(w*tm1p1).^2); 
jm1p2=2*tm1p2./(1+(w*tm1p2).^2); 
j0m2=2*t0m2./(1+(w*t0m2).^2); j0m1=2*t0m1./(1+(w*t0m1).^2); 
j00=2*t00./(1+(w*t00).^2); j0p1=2*t0p1./(1+(w*t0p1).^2); 
j0p2=2*t0p2./(1+(w*t0p2).^2); 
jp1m2=2*tp1m2./(1+(w*tp1m2).^2); jp1m1=2*tp1m1./(1+(w*tp1m1).^2); 
jp10=2*tp10./(1+(w*tp10).^2); jp1p1=2*tp1p1./(1+(w*tp1p1).^2); 
jp1p2=2*tp1p2./(1+(w*tp1p2).^2); 
jp2m2=2*tp2m2./(1+(w*tp2m2).^2); jp2m1=2*tp2m1./(1+(w*tp2m1).^2); 
jp20=2*tp20./(1+(w*tp20).^2); jp2p1=2*tp2p1./(1+(w*tp2p1).^2); 
jp2p2=2*tp2p2./(1+(w*tp2p2).^2); 
  
  
J1=D0m2(1)*(dm2m2*jm2m2*Dm2p1(2)+dm2m1*jm2m1*Dm1p1(2)+dm20*jm20*D
0p1(2)+dm2p1*jm2p1*Dp1p1(2)+dm2p2*jm2p2*Dp2p1(2))+ ... 
   
D0m1(1)*(dm1m2*jm1m2*Dm2p1(2)+dm1m1*jm1m1*Dm1p1(2)+dm10*jm10*D0p1
(2)+dm1p1*jm1p1*Dp1p1(2)+dm1p2*jm1p2*Dp2p1(2))+ ... 
   D00(1)*(d0m2*j0m2*Dm2p1(2)+d0m1*j0m1*Dm1p1(2)+(d00-
(a/5)^2)*j00*D0p1(2)+d0p1*j0p1*Dp1p1(2)+d0p2*j0p2*Dp2p1(2))+ ... 
   
D0p1(1)*(dp1m2*jp1m2*Dm2p1(2)+dp1m1*jp1m1*Dm1p1(2)+dp10*jp10*D0p1
(2)+dp1p1*jp1p1*Dp1p1(2)+dp1p2*jp1p2*Dp2p1(2))+ ... 
   
D0p2(1)*(dp2m2*jp2m2*Dm2p1(2)+dp2m1*jp2m1*Dm1p1(2)+dp20*jp20*D0p1
(2)+dp2p1*jp2p1*Dp1p1(2)+dp2p2*jp2p2*Dp2p1(2)); 
  
w = w0; 
jm2m2=2*tm2m2./(1+(w*tm2m2).^2); jm2m1=2*tm2m1./(1+(w*tm2m1).^2); 
jm20=2*tm20./(1+(w*tm20).^2); jm2p1=2*tm2p1./(1+(w*tm2p1).^2); 
jm2p2=2*tm2p2./(1+(w*tm2p2).^2); 
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jm1m2=2*tm1m2./(1+(w*tm1m2).^2); jm1m1=2*tm1m1./(1+(w*tm1m1).^2); 
jm10=2*tm10./(1+(w*tm10).^2); jm1p1=2*tm1p1./(1+(w*tm1p1).^2); 
jm1p2=2*tm1p2./(1+(w*tm1p2).^2); 
j0m2=2*t0m2./(1+(w*t0m2).^2); j0m1=2*t0m1./(1+(w*t0m1).^2); 
j00=2*t00./(1+(w*t00).^2); j0p1=2*t0p1./(1+(w*t0p1).^2); 
j0p2=2*t0p2./(1+(w*t0p2).^2); 
jp1m2=2*tp1m2./(1+(w*tp1m2).^2); jp1m1=2*tp1m1./(1+(w*tp1m1).^2); 
jp10=2*tp10./(1+(w*tp10).^2); jp1p1=2*tp1p1./(1+(w*tp1p1).^2); 
jp1p2=2*tp1p2./(1+(w*tp1p2).^2); 
jp2m2=2*tp2m2./(1+(w*tp2m2).^2); jp2m1=2*tp2m1./(1+(w*tp2m1).^2); 
jp20=2*tp20./(1+(w*tp20).^2); jp2p1=2*tp2p1./(1+(w*tp2p1).^2); 
jp2p2=2*tp2p2./(1+(w*tp2p2).^2); 
  
J2=D0m2(1)*(dm2m2*jm2m2*Dm2p2(2)+dm2m1*jm2m1*Dm1p2(2)+dm20*jm20*D
0p2(2)+dm2p1*jm2p1*Dp1p2(2)+dm2p2*jm2p2*Dp2p2(2))+ ... 
   
D0m1(1)*(dm1m2*jm1m2*Dm2p2(2)+dm1m1*jm1m1*Dm1p2(2)+dm10*jm10*D0p2
(2)+dm1p1*jm1p1*Dp1p2(2)+dm1p2*jm1p2*Dp2p2(2))+ ... 
   D00(1)*(d0m2*j0m2*Dm2p2(2)+d0m1*j0m1*Dm1p2(2)+(d00-
(a/5)^2)*j00*D0p2(2)+d0p1*j0p1*Dp1p2(2)+d0p2*j0p2*Dp2p2(2))+ ... 
   
D0p1(1)*(dp1m2*jp1m2*Dm2p2(2)+dp1m1*jp1m1*Dm1p2(2)+dp10*jp10*D0p2
(2)+dp1p1*jp1p1*Dp1p2(2)+dp1p2*jp1p2*Dp2p2(2))+ ... 
   
D0p2(1)*(dp2m2*jp2m2*Dm2p2(2)+dp2m1*jp2m1*Dm1p2(2)+dp20*jp20*D0p2
(2)+dp2p1*jp2p1*Dp1p2(2)+dp2p2*jp2p2*Dp2p2(2)); 
  
%% calculation of relaxation  rates 
R1z = 3/4*pi^2*chi^2*(J1+4*J2); 
R1q = 9/4*pi^2*chi^2*J1; 
  
T1z = 1./R1z; 
T1q = 1./R1q; 
  
end 
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APPENDIX B. DATA TABLES FOR HEXAMETHYLBENZENE-d18 

Table A.1. The 2H NMR T1Z relaxation rates for hexamethyl-benzene-d18 at temperatures from 57 oC to 17 oC.  

 
  

Angle T 1Z at 57oC (s) T 1Z at 47oC (s) T 1Z at 37oC (s) T 1Z at 24oC (s) T 1Z at 17oC (s)
0°   0.087±0.008   0.062±0.005   0.045±0.005   0.0394±0.0010 N/A

10°   0.085±0.006   0.061±0.007   0.048±0.003   0.0374±0.0011   0.0393±0.0014
20°   0.091±0.007   0.068±0.005   0.054±0.003   0.0396±0.0009   0.040±0.002
30°   0.105±0.012   0.079±0.007   0.060±0.005   0.0453±0.0008   0.048±0.002
40°   0.13±0.03   0.101±0.015 N/A   0.063±0.011   0.052±0.013
50°   0.1459±0.0008   0.105±0.001 N/A   0.0612±0.0003 N/A
60° N/A  0.104±0.001 N/A   0.0612±0.0003 N/A
70°   0.25±0.08  0.125±0.001 N/A   0.0711±0.0005   0.063±0.002
80°   0.268±0.012   0.190±0.007 N/A   0.0879±0.0006   0.094±0.010
90°   0.279±0.008   0.201±0.005 N/A   0.0949±0.0005   0.091±0.002

T 1Z,90°/T 1Z,0° 3.2 3.2 1.0 2.4
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Table A.2. The 2H NMR T1Z relaxation rates for hexamethyl-benzene-d18 at temperatures from 7 oC to ‒33 oC.  

 
 
  

Angle T 1Z at 7oC (s) T 1Z at ‒3oC (s) T 1Z at ‒13oC (s) T1Z at ‒23oC (s) T 1Z at ‒33oC (s)
0°   0.0467±0.0014   0.0622±0.0023   0.1034±0.0043   0.184±0.008   0.295±0.009

10°   0.0452±0.0012   0.0621±0.0018   0.1029±0.0035   0.183±0.007   0.293±0.007
20°   0.0460±0.0009   0.0634±0.0020   0.1046±0.0033   0.185±0.006   0.296±0.006
30°   0.0539±0.0010   0.0709±0.0021   0.1155±0.0036   0.204±0.007   0.326±0.006
40°   0.0744±0.0003   0.0892±0.0003   0.1362±0.0005   0.2301±0.0012   0.318±0.010
50°   0.0618±0.0003   0.0764±0.0003   0.1187±0.0004   0.2030±0.0012   0.3316±0.0014
60°   0.0616±0.0003   0.0762±0.0003   0.1185±0.0004   0.2030±0.0012   0.3314±0.0012
70°   0.0686±0.0003   0.0834±0.0003   0.1286±0.0005   0.2187±0.0013   0.355±0.002
80°   0.0805±0.0003   0.0957±0.0003   0.1447±0.0005   0.2438±0.0013   0.394±0.002
90°   0.0849±0.0002   0.0997±0.0003   0.1497±0.0004   0.2509±0.0013   0.405±0.002

T 1Z,90°/T 1Z,0° 1.8 1.6 1.4 1.4 1.4
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Table A.3. The 2H NMR T1Z relaxation rates for hexamethyl-benzene-d18 at temperatures from ‒43 oC to ‒83 oC. 

 
 
 
  

Angle T 1Z at  ‒43oC (s) T 1Z at  ‒53oC (s) T 1Z at  ‒63oC (s) T 1Z at  ‒73oC (s) T 1Z at  ‒83oC (s)
0°   0.502±0.018   0.80±0.03   1.38±0.04   1.72±0.03   N/A

10°   0.495±0.013   0.80±0.02   1.37±0.02   1.85±0.05   1.63±0.33
20°   0.501±0.011   0.821±0.018   1.39±0.04   1.80±0.04   1.77±0.04
30°   0.551±0.011   0.898±0.017   1.54±0.03   1.83±0.05   1.79±0.04
40°   0.53±0.03   0.966±0.010   1.57±0.03   1.80±0.05   1.65±0.05
50°   0.565±0.003   0.886±0.009   1.51±0.03   1.79±0.05   1.67±0.04
60°   0.565±0.002   0.891±0.007   1.50±0.03   1.79±0.05   1.70±0.04
70°   0.599±0.003   0.930±0.009   1.54±0.03   1.79±0.05   1.66±0.04
80°   0.656±0.004   0.997±0.012   1.58±0.03   1.79±0.05   1.64±0.04
90°   0.671±0.004   1.012±0.013   1.58±0.03   1.76±0.05   1.64±0.04

T 1Z,90°/T 1Z,0° 1.3 1.3 1.1 1.0 N/A
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Table A.4. The 2H NMR T1Z relaxation rates for hexamethyl-benzene-d18 at temperatures from ‒93 oC to ‒133 oC. 

 
 
  

Angle T 1Z at  ‒93oC (s) T 1Z at ‒103oC (s) T 1Z at ‒113oC (s) T 1Z at  ‒123oC (s) T 1Z at ‒133oC (s)
0°   0.63±0.23   1.10±0.05   1.05±0.06   0.73±0.06   0.54±0.04

10°   1.04±0.04   1.11±0.04   1.02±0.06   0.73±0.05   0.52±0.04
20°   1.36±0.02   1.10±0.02   1.00±0.04   0.71±0.04   0.52±0.03
30°   1.33±0.02   1.090±0.011   1.01±0.03   0.702±0.012   0.507±0.010
40°   1.28±0.02   1.136±0.013   1.016±0.018   0.715±0.006   0.516±0.004
50°   1.26±0.02   1.105±0.015   0.994±0.018   0.696±0.013   0.503±0.011
60°   1.28±0.02   1.101±0.016   1.000±0.019   0.698±0.013   0.502±0.011
70°   1.31±0.02   1.115±0.015   1.013±0.016   0.708±0.008   0.513±0.006
80°   1.30±0.02   1.162±0.012   1.030±0.018   0.727±0.005   0.525±0.002
90°   1.31±0.03   1.172±0.010   1.05±0.02   0.738±0.008   0.532±0.004

T 1Z,90°/T 1Z,0° 2.1 1.07 1.01 1.0 0.99
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Table A.5. The 2H NMR T1Z relaxation rates for hexamethyl-benzene-d18 at temperatures from ‒143 oC to ‒153 oC. 

  

Angle T 1Z at ‒143oC (s) T 1Q at ‒153oC (s)
0°   0.0899±0.0016   0.0443±0.0009

10°   0.0891±0.0016   0.0447±0.0010
20°   0.0893±0.0018   0.0467±0.0007
30°   0.0935±0.0012   0.0523±0.0010
40°   0.1054±0.0008   0.0599±0.0005
50°   0.1004±0.0009   0.0566±0.0004
60°   0.1006±0.0009   0.0569±0.0004
70°   0.1032±0.0008   0.0584±0.0004
80°   0.1083±0.0007   0.0620±0.0003
90°   0.1116±0.0007   0.0638±0.0003

T 1Z,90°/T 1Z,0° 1.24 1.44
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Table A.6. The 2H NMR T1Q relaxation rates for hexamethyl-benzene-d18 at temperatures from 57 oC to 17 oC.  

 
 
  

Angle T 1Q at 57oC (s) T 1Q at 47oC (s) T 1Q at 37oC (s) T 1Q at 24oC (s) T 1Q at 17oC (s)
0°   1.3±0.3   0.84±0.15   0.70±0.11   1.4±0.6   0.27±0.03

10°   1.11±0.16   0.81±0.12   0.54±0.07   0.67±0.15   0.21±0.02
20°   0.61±0.08   0.42±0.06   0.26±0.04   0.30±0.05   0.116±0.012
30°   0.34±0.07   0.23±0.05   0.15±0.04   0.17±0.04   0.068±0.009
40°   0.188±0.014   0.133±0.011   0.094±0.010   0.0596±0.0017   0.049±0.005
50°   0.18±0.02   0.118±0.016   0.091±0.012   0.059±0.004   0.036±0.013
60°   0.199±0.011   0.140±0.009   0.097±0.006   0.0598±0.0009   0.053±0.002
70°   0.206±0.016   0.142±0.011   0.101±0.009   0.0610±0.0009   0.055±0.003
80°   0.191±0.009   0.133±0.007   0.094±0.006   0.0597±0.0006   0.051±0.002
90°   0.189±0.004   0.133±0.004   0.093±0.003   0.0587±0.0003   0.0508±0.0014

T 1Q,90°/T 1Q,0°
0.15 0.16 0.13 0.04 0.19
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Table A.7. The 2H NMR T1Q relaxation rates for hexamethyl-benzene-d18 at temperatures from 7 oC to ‒33 oC.  

 
  

Angle T 1Q at 7oC (s) T 1Q at ‒3oC (s) T 1Q at ‒13oC (s) T1Q at ‒23oC (s) T 1Q at ‒33oC (s)
0°   0.44±0.07   0.39±0.06   0.59±0.10   0.74±0.15   1.0±0.2

10°   0.30±0.03   0.30±0.04   0.44±0.06   0.61±0.10   0.84±0.15
20°   0.145±0.018   0.137±0.019   0.21±0.03   0.32±0.05   0.49±0.08
30°   0.072±0.015   0.072±0.016   0.11±0.02   0.17±0.04   0.27±0.06
40°   0.044±0.003   0.051±0.005   0.074±0.006   0.126±0.010   0.201±0.019
50°   0.041±0.006   0.049±0.009   0.071±0.008   0.120±0.019   0.17±0.04
60°   0.047±0.002   0.0525±0.0016   0.076±0.003   0.129±0.005   0.207±0.009
70°   0.049±0.003   0.053±0.003   0.078±0.005   0.134±0.009   0.216±0.016
80°   0.0445±0.0016   0.0502±0.0017   0.074±0.003   0.126±0.005   0.204±0.008
90°   0.0445±0.0011   0.0498±0.0010   0.0730±0.0014   0.125±0.003   0.203±0.006

T 1Q,90°/T 1Q,0°
0.10 0.13 0.12 0.17 0.21
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Table A.8. The 2H NMR T1Q relaxation rates for hexamethyl-benzene-d18 at temperatures from ‒43 oC to ‒83 oC.  

 
  

Angle T 1Q at  ‒43oC (s) T 1Q at  ‒53oC (s) T 1Q at  ‒63oC (s) T 1Q at  ‒73oC (s) T 1Q at  ‒83oC (s)
0°   1.2±0.3   1.7±0.4   0.96±0.17   0.37±0.02   0.154±0.016

10°   1.2±0.3   1.6±0.4   0.91±0.12   0.38±0.02   0.182±0.006
20°   0.73±0.13   1.14±0.19   0.83±0.13   0.34±0.02   0.195±0.009
30°   0.40±0.09   0.63±0.13   0.50±0.08   0.241±0.014   0.148±0.007
40°   0.33±0.04   0.44±0.06   0.41±0.04   0.224±0.013   0.110±0.007
50°   0.18±0.06   0.27±0.07   0.24±0.05   0.052±0.013   0.049±0.012
60°   0.304±0.019   0.33±0.03   0.28±0.04   0.167±0.013   0.102±0.009
70°   0.34±0.03   0.45±0.05   0.40±0.04   0.223±0.016   0.108±0.008
80°   0.33±0.02   0.44±0.04   0.40±0.03   0.219±0.015   0.127±0.006
90°   0.327±0.012   0.45±0.03   0.41±0.03   0.224±0.013   0.127±0.008

T 1Q,90°/T 1Q,0°
0.27 0.27 0.43 0.60 0.83
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Table A.9. The 2H NMR T1Q relaxation rates for hexamethyl-benzene-d18 at temperatures from ‒93 oC to ‒133 oC. 

  
  

Angle T 1Q at  ‒93oC (s) T 1Q at ‒103oC (s) T 1Q at ‒113oC (s) T 1Q at  ‒123oC (s) T 1Q at ‒133oC (s)
0°   0.23±0.11   2.4E-05±1.6E-05   4.3E-02±1.9E-02   5.2E-04±9E-05   1.9E-03±3E-02

10°   0.5±0.3 N/A   4.6E-05±6E-06   5.1E-04±1.5E-04   5E-03±4E-03
20°   0.13±0.04   8E-05±4E-05   5.6E-05±8E-06   3.1E-04±3E-05   1.44E-03±1.3E-04
30°   0.15±0.02   4.7E-05±1.1E-05 N/A   3.8E-04±3E-05   7.0E-03±1.8E-03
40°   0.131±0.004   3.7E-05±1.1E-05   8.1E-05±1.3E-05   3.9E-04±5E-05   1.82E-03±8E-05
50°   0.067±0.011 N/A   4.4E-05±7E-06   1.9E-04±3E-05   8.6E-04±8E-05
60°   0.068±0.004 N/A   4.0E-05±7E-06   2.5E-04±4E-05   1.36E-03±8E-05
70°   0.102±0.005   2.4E-05±7E-06   7.4E-05±1E-05   3.6E-04±3E-05   1.72E-03±6E-05
80°   0.168±0.006   4.9E-05±1.6E-05   7.2E-05±1.4E-05   3.6E-04±6E-05   1.72E-03±5E-05
90°   0.186±0.007   6E-05±3E-05   8.9E-05±1.8E-05   3.7E-04±4E-05   1.77E-03±6E-05

T 1Q,90°/T 1Q,0°
0.81 3 2.1E-03 0.71 0.95
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Table A.10. The 2H NMR T1Q relaxation rates for hexamethyl-benzene-d18 at temperatures from ‒143 oC to ‒153 oC. 

  

Angle T 1Q at ‒143oC (s) T 1Q at ‒153oC (s)
0°   0.064±0.003   0.077±0.003

10°   0.069±0.003   0.080±0.005
20°   0.077±0.004   0.082±0.004
30°   0.070±0.002   0.079±0.003
40°   0.096±0.005   0.093±0.003
50°   0.12±0.02   0.098±0.006
60°   0.093±0.005   0.226±0.060
70°   0.093±0.002   0.110±0.004
80°   0.086±0.002   0.090±0.003
90°   0.081±0.002   0.081±0.002

T 1Q,90°/T 1Q,0°
1.27 1.04
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APPENDIX C. DATA TABLES FOR RIMANTADINE-d3  

The relaxation rates across the line shape spectra are tabulated. Furthermore, there are parameters such as the 

preexponential constant and the ratio of the two diffusion coefficients. The parameters are different for each 

temperature. 
Table A.11. The 2H NMR T1Z relaxation rates for rimantadine-d3 at temperatures from 6 oC to ‒43 oC. 

 
  

Angle T 1Z at 6oC (s) T 1Z at 0oC (s) T 1Z at ‒14oC (s) T 1Z at ‒25oC (s) T 1Z at ‒33oC (s) T 1Z at ‒43oC (s)
0°   0.050±0.003   0.047±0.002   0.039±0.002   0.032±0.002   0.0235±0.0009   0.0176±0.0010

10°   0.0527±0.0015   0.0458±0.0016   0.038±0.002   0.032±0.002   0.0231±0.0009   0.0182±0.0005
20°   0.054±0.002   0.0482±0.0012   0.043±0.003   0.0349±0.0013   0.0235±0.0007   0.0170±0.0005
30°   0.064±0.002   0.0554±0.0013   0.0458±0.0016   0.046±0.002   0.0273±0.0008   0.0196±0.0012
40°   0.0798±0.0011   0.0716±0.0007   0.0579±0.0009   0.047±0.002   0.0371±0.0005   0.025±0.002
50°   0.0730±0.0012   0.0655±0.0007   0.0526±0.0007   0.044±0.002   0.0339±0.0004   0.022±0.002
60°   0.0740±0.0013   0.0652±0.0008   0.0528±0.0008   0.044±0.002   0.0338±0.0004   0.023±0.002
70°   0.0775±0.0010   0.0701±0.0007   0.0562±0.0007   0.046±0.002   0.0359±0.0005   0.024±0.002
80°   0.0851±0.0010   0.0757±0.0007   0.0615±0.0009   0.049±0.002   0.0389±0.0004   0.026±0.002
90°   0.0886±0.0009   0.0790±0.0009   0.0631±0.0008   0.050±0.002   0.0403±0.0004   0.027±0.002

T 1Z,90°/T 1Z,0° 1.8 1.7 1.6 1.6 1.71 1.6

 D║ (m2/s)   2.701E+06±6E+03   2.400E+06±2E-02   3.801E+06±1.0E+04   5.3E+06±5E+05   4.4E+06±5E+05

ηD= D║/D⟂   2.88±0.04   2.578±0.002   1.93±0.02   2.4±0.6   1.3±0.3

T 1Z,90°/T 1Z,0°

 D ║ ( s‒1)

ηD= D ║/D ⟂
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Table A.12. The 2H NMR T1Z relaxation rates for rimantadine-d3 at temperatures from ‒53 oC to ‒93 oC.  
 
  

Angle T 1Z at ‒53oC (s) T 1Z at ‒63oC (s) T 1Z at ‒73oC (s) T 1Z at ‒83oC (s) T 1Z at ‒93oC (s)
0°   0.0122±0.0007   0.0099±0.0003   0.0075±0.0003   0.0099±0.0003   0.00434±0.00018

10°   0.0125±0.0006   0.0097±0.0002   0.0072±0.0002   0.0097±0.0002   0.00425±0.00015
20°   0.0135±0.0004   0.0102±0.0002   0.0076±0.0002   0.0102±0.0002   0.00449±0.00011
30°   0.0151±0.0003   0.0124±0.0003   0.0093±0.0003   0.0124±0.0003   0.00508±0.00015
40°   0.0195±0.0005   0.0145±0.0002   0.0108±0.0002   0.0145±0.0002   0.00600±0.00008
50°   0.0179±0.0004   0.0134±0.0002   0.0099±0.0002   0.0134±0.0002   0.00565±0.00008
60°   0.0181±0.0003   0.0134±0.0002   0.0100±0.0002   0.0134±0.0002   0.00570±0.00009
70°   0.0193±0.0004   0.0142±0.0002   0.0105±0.0002   0.0142±0.0002   0.00593±0.00009
80°   0.0208±0.0006   0.0153±0.0002   0.0113±0.0002   0.0153±0.0002   0.00625±0.00010
90°   0.0217±0.0006   0.0157±0.0003   0.0117±0.0002   0.0157±0.0003   0.00634±0.00011

T 1Z,90°/T 1Z,0° 1.77 1.6 1.6 1.6 1.46

 D║ (m2/s)   1.040E+07±3E+04   1.270E+07±4E+04 2.5E+07

ηD= D║/D⟂   2.42±0.03   1.67±0.02

1.46T 1Z,90°/T 1Z,0°

 D ║ ( s-1)

η D= D ║/D ⟂
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Table A.13. The 2H NMR T1Z relaxation rates for rimantadine-d3 at temperatures from ‒103 oC to ‒153 oC. 

 
  

Angle T 1Z at ‒103oC (s) T 1Z at ‒113oC (s) T 1Z at ‒123oC (s) T 1Z at ‒133oC (s) T 1Z at ‒153oC (s)
0°   0.00414±0.00013   0.00484±0.0004   0.00644±0.0004   0.01175±0.0011   0.035±0.003

10°   0.00419±0.00010   0.00488±0.0003   0.00649±0.0004   0.01191±0.0011   0.037±0.004
20°   0.00429±0.00011   0.00509±0.0003   0.00694±0.0004   0.01248±0.0011   0.037±0.004
30°   0.00518±0.00012   0.00592±0.0003   0.00780±0.0005   0.01402±0.0011   0.038±0.003
40°   0.00569±0.00013   0.00646±0.0002   0.00848±0.0005   0.01412±0.0009   0.036±0.004
50°   0.00548±0.00012   0.00630±0.0002   0.00836±0.0005   0.01403±0.0009   0.037±0.003
60°   0.00549±0.00013   0.00632±0.0002   0.00842±0.0005   0.01406±0.0009   0.038±0.004
70°   0.00565±0.00014   0.00641±0.0002   0.00848±0.0005   0.01416±0.0009   0.037±0.004
80°   0.00585±0.00013   0.00656±0.0002   0.00857±0.0004   0.01413±0.0008   0.035±0.004
90°   0.00592±0.00014   0.00660±0.0002   0.00853±0.0005   0.01397±0.0008   0.033±0.003

T 1Z,90°/T 1Z,0° 1.43 1.37 1.32 1.189 0.93
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Table A.14. The 2H NMR T1Z relaxation rates for rimantadine-d3 at temperatures from ‒165 oC to ‒173 oC.  

 
 

 

 
  

Angle T 1Z at ‒165oC (s) T 1Z at ‒173oC (s)
0°   0.061±0.012   0.085±0.011

10°   0.057±0.011   0.082±0.010
20°   0.054±0.009   0.079±0.010
30°   0.045±0.004   0.071±0.012
40°   0.039±0.003   0.071±0.011
50°   0.040±0.004   0.073±0.010
60°   0.040±0.004   0.073±0.010
70°   0.040±0.003   0.069±0.010
80°   0.038±0.002   0.066±0.012
90°   0.037±0.002   0.065±0.012

T 1Z,90°/T 1Z,0° 0.61 0.77



203 
 

 
 

Table A.15. The 2H NMR T1Q relaxation rates for rimantadine-d3 at temperatures from 39 oC to ‒30 oC.  

 
  

Angle T 1Q at 39oC (s) T 1Q at 6oC (s) T 1Q at ‒14oC (s) T 1Q at ‒25oC (s) T 1Q at ‒30oC (s)
0°   0.26±0.05 N/A N/A N/A N/A

10°   0.26±0.05 N/A N/A N/A N/A
20°   0.27±0.03 N/A N/A N/A   0.10±0.10
30°   0.196±0.005   0.141±0.006   0.172±0.013   0.060±0.008   0.11±0.11
40°   0.167±0.010   0.39±0.09   0.20±0.05   0.070±0.007   0.11±0.05
50°   0.10±0.03   0.17±0.06 N/A   0.072±0.014   0.11±0.06
60°   0.211±0.015   0.15±0.02   0.19±0.03   0.064±0.007   0.07±0.02
70°   0.185±0.006   0.143±0.011   0.17±0.02   0.069±0.004   0.061±0.009
80°   0.176±0.006   0.124±0.006   0.156±0.010   0.061±0.003   0.055±0.009
90°   0.174±0.006   0.13±0.004   0.149±0.009   0.059±0.003   0.053±0.009

T 1Q,90°/T 1Q,0° 0.67 N/A N/A N/A N/A
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Table A.16. The 2H NMR T1Q relaxation rates for rimantadine-d3 at temperatures from ‒53 oC to ‒103 oC. 

 

Angle T 1Q at ‒53oC (s) T 1Q at ‒63oC (s) T 1Q at ‒83oC (s) T 1Q at ‒93oC (s) T 1Q at ‒103oC (s)
0° N/A   0.026±0.014 N/A N/A N/A

10° N/A   0.025±0.016 N/A N/A N/A
20° N/A N/A N/A   0.015±0.005 N/A
30°   0.030±0.003   0.022±0.003   0.0122±0.0017   0.0078±0.0007   0.0067±0.0011
40°   0.030±0.010   0.021±0.003   0.0111±0.0003   0.0084±0.0008   0.0058±0.0009
50°   0.029±0.014   0.04±0.03 N/A N/A   0.006±0.003
60°   0.030±0.003   0.021±0.004   0.0088±0.0004   0.0078±0.0007   0.0066±0.0005
70°   0.030±0.005   0.021±0.002   0.0095±0.0005   0.0075±0.0005   0.0059±0.0006
80°   0.029±0.006   0.0190±0.0008   0.0095±0.0003   0.0072±0.0006   0.0052±0.0006
90°   0.029±0.006   0.0188±0.0009   0.0095±0.0003   0.0067±0.0003   0.0053±0.0008

T 1Q,90°/T 1Q,0° N/A 0.72 N/A N/A N/A
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Table A.17. The 2H NMR T1Q relaxation rates for rimantadine-d3 at temperatures from ‒113 oC to ‒153 oC.  

 
  

Angle T 1Q at ‒113oC (s) T 1Q at ‒123oC (s) T 1Q at ‒133oC (s)
0°   0.011±0.008   0.009±0.002   0.013±0.003

10°   0.011±0.010   0.0086±0.0018   0.012±0.003
20° N/A   0.0079±0.0010   0.0118±0.0019
30°   0.0051±0.0011   0.0067±0.0004   0.0100±0.0008
40°   0.0051±0.0010   0.0062±0.0006   0.0091±0.0007
50°   0.0051±0.0010   0.0050±0.0011   0.0095±0.0016
60°   0.0069±0.0028   0.0078±0.0008   0.0119±0.0011
70°   0.0057±0.0004   0.0070±0.0003   0.0101±0.0006
80°   0.0050±0.0004   0.0067±0.0003   0.0094±0.0005
90°   0.0049±0.0003   0.0066±0.0003   0.0093±0.0005

T 1Q,90°/T 1Q,0° 0.45 0.8 0.74

T 1Q at ‒153oC (s)
  0.017±0.003
  0.018±0.003
  0.0204±0.004
  0.0190±0.0019
  0.0141±0.0016

N/A
  0.022±0.005
  0.0203±0.0015
  0.0172±0.0016
  0.0166±0.0015

0.98

T 1Q at ‒143oC (s)
  0.022±0.008
  0.021±0.007
  0.019±0.003
  0.0147±0.0010
  0.0121±0.0014

  0.011±0.002
  0.0179±0.0019
  0.0147±0.0009
  0.0135±0.0011
  0.0132±0.0012

0.61
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Table A.18. The 2H NMR T1Q relaxation rates for rimantadine-d3 at temperature ‒165oC.  

 
   

Angle T 1Q at ‒165oC (s)
0° N/A

10° N/A
20°   0.037±0.019
30°   0.038±0.012
40°   0.016±0.003
50°   0.015±0.003
60° N/A
70°   0.052±0.016
80°   0.027±0.011
90°   0.022±0.008

T 1Q,90°/T 1Q,0° 0.6
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APPENDIX D. DATA TABLES FOR AMANTADINE-d15 
Table A.19. The 2H NMR T1Z relaxation rates for amantadine-d15 at temperatures from 83 oC to 30 oC.  

 
  

Angle T 1Z at 83oC (s) T 1Z at 72oC (s) T 1Z at 51oC (s) T 1Z at 40oC (s) T 1Z at 30oC (s)
0°   0.0092±0.0014   0.0097±0.0006   0.0247±0.0017   0.035±0.003 0.073 ± 0.015

10°   0.0088±0.0013   0.0101±0.0005   0.0237±0.0013   0.034±0.003 0.072 ± 0.015
20°   0.0087±0.0011   0.0108±0.0005   0.0234±0.0007   0.034±0.003 0.071 ± 0.015
30°   0.0107±0.0008   0.0102±0.0012   0.0264±0.0009   0.037±0.002 0.072 ± 0.014
40°   0.0103±0.0015   0.008±0.002   0.0276±0.0008   0.040±0.002 0.072 ± 0.015
50°   0.010±0.006   0.00062±0.00011   0.0275±0.0024   0.042±0.002 0.072 ± 0.015
60°   0.0106±0.0017   0.0121±0.0014   0.0281±0.0008   0.040±0.002 0.072 ± 0.015
70°   0.0107±0.0009   0.0116±0.0015   0.0280±0.0006   0.039±0.002 0.072 ± 0.015
80°   0.0104±0.0008   0.0120±0.0010   0.0277±0.0004   0.040±0.002 0.073 ± 0.015
90°   0.0104±0.0007   0.0121±0.0009   0.0275±0.0003   0.0390±0.0007 0.073 ± 0.015

T 1Z,90°/T 1Z,0° 1.1 1.2 1.11 1.10 1.0

 k  (s‒1) 6.5E+07 5.0E+07 2.0E+07 1.3E+07 7.2E+06
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Table A.20. The 2H NMR T1Z relaxation rates for amantadine-d15 at temperatures from 18 oC to −16 oC. 

 
  

Angle T 1Z at 18oC (s) T 1Z at 10oC (s) T 1Z at ‒3oC (s) T 1Z at ‒16oC (s)
0°   0.04±0.02 0.09 ± 0.02 0.145 ± 0.015 0.45 ± 0.02

10°   0.07±0.04 0.09 ± 0.02 0.148 ± 0.011 0.45 ± 0.02
20°   0.11±0.03 0.10 ± 0.02 0.147 ± 0.014 0.44 ± 0.02
30°   0.09±0.04 0.09 ± 0.02 0.134 ± 0.014 0.39 ± 0.02
40°   0.095±0.012 0.097 ± 0.013 0.149 ± 0.011 0.383 ± 0.016
50°   0.05±0.02 0.067 ± 0.017 0.157 ± 0.019 0.382 ± 0.015
60°   0.13±0.03 0.19 ± 0.05 0.12 ± 0.03 0.382 ± 0.015
70°   0.12±0.02 0.139 ± 0.007 0.13 ± 0.02 0.381 ± 0.017
80°   0.112±0.012 0.133 ± 0.005 0.139 ± 0.017 0.384 ± 0.018
90°   0.104±0.008 0.132 ± 0.004 0.141 ± 0.016 0.39 ± 0.02

T 1Z,90°/T 1Z,0° 3 1.5 0.97 1

 k  (s‒1) 5.00E+06 3.79E+06 3.69E+06 1.25E+06
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Table A.21. The 2H NMR T1Q relaxation rates for amantadine-d15 at temperatures from 83 oC to 31 oC. 

 
  

T 1Q at 31°C (s)
  0.0418±0.0014
  0.053±0.005
  0.0445±0.0011
  0.052±0.002

N/A
N/A
N/A
  0.041±0.004
  0.0431±0.0014
  0.042±0.002

0.64

Angle T 1Q at 83°C (s) T 1Q at 72°C (s) T 1Q at 61°C (s) T 1Q at 51°C (s)
0° N/A   0.0113±0.0014 N/A   0.0204±0.0006

10°   0.0017±0.0009   0.015±0.004   0.0057±0.0004   0.0197±0.0005
20°   0.0074±0.0015   0.0116±0.0011   0.0128±0.0006   0.0211±0.0006
30°   0.0059±0.0010   0.0114±0.0004   0.0119±0.0006 N/A
40°   0.0067±0.0011   0.0114±0.0003   0.0108±0.0007   0.0157±0.0003
50°   0.0094±0.0012   0.0110±0.0007   0.0130±0.0009 N/A
60°   0.009±0.002   0.0050±0.0006 N/A N/A
70°   0.0080±0.0012   0.0134±0.0013   0.0159±0.0005   0.0172±0.0011
80°   0.0080±0.0011   0.0105±0.0004   0.0120±0.0006   0.0171±0.0008
90°   0.0050±0.0007   0.0101±0.0003   0.0116±0.0005   0.0169±0.0006

T 1Q,90°/T 1Q,0° N/A 0.898 4.0 0.797
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Table A.22. The 2H NMR T1Q relaxation rates for amantadine-d15 at temperatures for 18 oC to −3 oC. 

 
 
  

Angle T 1Q at 18°C (s) T 1Q at 10°C (s) T 1Q at ‒3°C (s)
0°   0.078±0.005   0.100±0.005 N/A

10°   0.075±0.003 N/A   0.113±0.003
20° N/A   0.0946±0.0019   0.101±0.009
30°   0.080±0.007   0.094±0.002   0.0932±0.0017
40°   0.066±0.006 N/A N/A
50°   0.48±0.03 N/A N/A
60° N/A   0.087±0.002   0.089±0.004
70°   0.065±0.005   0.0873±0.0013   0.091±0.007
80°   0.068±0.005   0.0855±0.0013   0.0894±0.0015
90°   0.068±0.005   0.0857±0.0006   0.0867±0.0015

T 1Q,90°/T 1Q,0° 0.66 1 N/A
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Table A.23. Progressive saturation 2H NMR T1Z results for amantadine-d15. The result is relevant to the second Pake pattern. 

 
  

Temperature T 1Z (s)

34 oC (307 K) 8.0±1.4
44 oC (317 K) 4.4±0.3
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APPENDIX E. DATA TABLES FOR AZAPIRO[5.5]UNDECANE-d4 
 
Table A.24. Progressive saturation T1Z results for spirane-d4. 

 
 

Temperature T 1Z (s)

24 oC (297 K) 6.7±0.2
13 oC (286 K) 6.1±0.2
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APPENDIX F. SPIN DENSITY MATRIX 

In addition to the possibility of a magnetic moment, all nuclei with spin larger than ½ 

have a nuclear quadrupole moment. The square of the nuclear spin angular momentum 

operator gives the following eigenvalue equations for the spin =1 nucleus, 
  2ˆ , 1 ,I I M I I I M   (F.1 a) 
 

 , ,zI I M M I M  .(F.1 b) 

The operators acting upon the eigenfunctions give the eigenvalues for the nuclear spin 

angular momentum. The unperturbed spin Hamiltonian for the magnetic dipolar (Zeeman) 

interaction of the nucleus with the static external magnetic field is given below, 
 0

ˆ ˆ, ,ZH I M I I M   (F.2 a) 
 

 0 ,M I Mω   .(F.2 b) 

here ω0 = −𝛾𝛾|B0|  is given by the Larmor equation. The inclusion of the electric 

quadrupolar coupling changes the energy levels, i.e., it gives a perturbation of the magnetic 

dipolar Hamiltonian. Finally, the quadrupolar Hamiltonian operator Q
ˆ ( )H t  can operate on 

the three different states of the nucleus, +1, 0, and −1, which reads: 

 Q Q
1ˆ 1, 1 1, 1
6

H ω    (F.3 a) 

 Q Q
1ˆ 1,0 1,0
3

H ω   (F.3 b) 

 Q Q
1ˆ 1, 1 1, 1
6

H ω    .(F.3 c) 

Therefore, adding the Zeeman energy and the quadrupolar coupling energy 

Hamiltonian terms, the energy levels shift either up or down. The energy level shifts down 

if the spin state of the nucleus is m = 0. 

Spin density matrix 

The spin density matrix for the spin = 1 nucleus is given below. The spin density matrix 

uses the ensemble-averaged values, which is noted as a bar, 
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 ˆ  σ ψ ψ  (F.4) 

Each spin density matrix element entails two different angular momentum states. First, 

each of the matrix elements can be written as the spin density symbols, 

 
1 0

1 1

0 1

1 21

1 10

2 1 1

ρ ρ ρ

σ ρ ρ ρ

ρ ρ ρ



 



 

 

  

 
 
   
 
  

 .(F.5) 

All the non-diagonal matrix elements change differently with time. Their phases 

correspond to various frequencies, which are given below,  

 
1

0
1 Q

1
2

ωΩ Ω
    (F.6 a) 

 
1

0
1 Q

1
2

ωΩ Ω
    (F.6 b) 

 
1

0
1 Q

1
2

ωΩ Ω
     (F.6 c) 

 
1

0
1 Q

1
2

ωΩ Ω
     (F.6 d) 

 
0

0
2 2Ω Ω   (F.6 e) 

 
0

0
2 2Ω Ω    .(F.6 f) 

The phases are described by complex exponentials, which include Ω0, which is the 

resonance offset frequency. The resonance offset frequency is given below, 
  0

refω ωΩ    .(F.7) 

However, in 2H NMR, the frequency shift due to quadrupolar coupling is much larger 

than that of the chemical shift. All the offset frequencies are negligible. Notice that half of 

the quadrupolar coupling frequency Qω is the same as the difference between the energy 

levels, (F.3 b) and (F.3 a) or (F.3 b) and (F.3 c).  

The following provides a more detailed explanation of what occurs to the spin density 

matrix after the pulse. Focusing on the matrix elements, 
11Ω
 and 

11Ω
 , one writes the 

corresponding spin-density elements after the 𝜋𝜋 2⁄  pulse as the following, 
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11

1 B
3 2

  iρ
    (F.8a) 

 
11

1 B
3 2

iρ
    .(F.8 b) 

Each non-diagonal spin density matrix elements except 
02Ω  have the phase factors, 

which are either 0
QωΩ  . The B is defined as B = 0 Bk Tγ B . The |𝑩𝑩0| is the strength of 

the magnetic field, γ is the gyromagnetic ratio of the deuterium nucleus, and kB is the 

Boltzmann constant. The matrix elements evolve with time in the following manner, 

       1 1

0
1 Q 1

2 B exp 0
6

t i i tρ ω ρΩ
      (F.9a) 

       1 1

0
1 Q 1

2 B exp 0
6

t i i tρ ω ρΩ
      .(F.9 b) 

Therefore, the quadrupolar splitting frequency between the prominent spectral edges 

(θ = 90o orientation) depends on the coherences. The 
1 11 1and  ρ ρ

   matrix elements are 

called the coherences. These two matrix elements have different phase factors. 
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APPENDIX G. ANOTHER PROOF FOR SUM RULE 

 In this appendix, we derive the moments mnµ , which goes into the correlation 

function. There is a correlation function for each of the Wigner rotation matrix elements. 

Importantly, the reduced correlation function can be expressed as an exponential function. 

The equation relevant to the diffusion in an anisotropic potential of mean force model is 

the following, 

     
2 2 22

0 PI
2 2

m q
q n

G t D Ω
 

     

             
222 2 2

ID ID 0 0 ID DL,qn qn q n qn nmD D g t Dδ δΩ Ω Ω Ω
 

  
 

 . (G.1) 

The paper by Trouard et al.117 explains how to obtain the correlation times. The 

equations below give recursion relations that correspond to their Eqs. (B12a) and (B12b),  

              1 22
2 1 2

2 2

cos
1 1

sin
j j

pn pn

p nd d j j n n d
d

β
β β

β β 

            
 (G.2 a) 

              1 22
2 1 2

2 2

cos
1 1

sin
j j

pn pn

p nd d j j n n d
d

β
β β

β β 

           
 .(G.2 b) 

The above equations can be derived using the ladder operators in the molecular frame. 

Setting j = 2 and solving for the moments 𝜇𝜇𝑝𝑛 gives the following result, 
       

22 2 2 222
2

2

2 cos
sin

pn
pn pn

dd p n pn d
d

β βµ β
β β

            
 

 (G.3a) 

               
2 2 22 2 22 2 2

1 1
1 16 6
2 2pn pn pnn d n n d n n dβ β β 

                      .(G.3 b) 

One notices that Eq. (G.3) depends only on the value of β, which is defined as the 

colatitudinal deviation of the methyl axis from its original z-axis. According to Eq. (B14b) 

of the paper, Trouard et al. present μmn in a calculatable form, 
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Expanding the 3-j coefficients with the equations in Table A.25 gives the following 

polynomials. In this table, the equations when j3 = 0, 1, and 2 is from the book written by 

Zare.118 The equation when j3 = 4, is from the MathWorld.119  
 
Table A.25. Algebraic Expressions of the 3-j symbols that are used to get polynomials 
from (G.4). 

1 2 3

1 2 3

j j j
m m m
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where       
1
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2 1 2 3 4A X X X X X X
        

     
 

   
       

1 2

1 2
1 2 1 2 1 2 1 2

1 2 1 2 1 1 1 1 2 2 2 2

4 2 ! 2 ! ! !
1

0 2 2 1 ! ! ! ! !
          j j Mj j j j j j j j

m m j j j m j m j m j m
                     

  

To avoid writing an equation with long lines, function A2, which depends on an 

independent variable X, was used to simplify a Wigner 3-j symbol. The Clebsch-Gordan 

series expansion, Eq. (3.31), lets one evaluate the squared moduli of the Wigner rotation 
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elements, �𝐷𝐷𝑚�𝑚
(2) (Ω)�

2
. The following equations give the moments, which read,  

                       0 0 0 1 1 1 2 2 2
00 00 006 5 3pn p n p n p nc c d c c d c c dµ β β β    

       4 4 4
004         p nc c d β  (G.5 a) 
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             4 4 42 2 4 4 2 4 41 1
00 1 12 2   6 6p n p n p nd n c c n n c c n n c cβ          .(G.5 b) 

The equation above can be solved using the definition of the coefficients  j
mc  stated in Eq. 

(3.32), 
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One is now ready to solve for the moments, which read:   
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The equation simplifies to the one below, 
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All the coefficients of the moments are evaluated below,  
    2 2 21 1

2 26 6 6n n n n n         (G.9 a) 
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All the coefficients of the 𝑐𝑐𝑝
(𝑗)𝑐𝑐𝑛

(𝑗) �𝑑𝑑00
(𝑗)(𝛽𝛽)� in Eq. (G.5) match the result above. The 

coefficients divided by (2j+1) are 6, 5, 3, and 4 for j = 0, 1, 2, and 4, respectively. Putting 

the coefficients together, one has the moments in terms of the weighted average of the 

Legendre polynomial functions over the possible angles, 
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For example, if the orientation at β = 0 is strongly weighted, then the moment can be 

simplified. First, all the Legendre polynomials are one when β = 0, so that the result reads, 
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Furthermore, the summation of Eq. (G.11) over p and n adds up to 6. The summation was 

done using the MATLAB. Finally, the moments are calculated and organized in the table 

below. 
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Table A.26. Moments 𝜇𝜇𝑚�𝑚 for a generalized potential of mean torque 
'm  m 'm mµ  
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