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Abstract 

 Solid-state 17O NMR spectroscopy is a powerful tool for probing molecular dynamics in 

solid materials. Recent developments in 17O-isotope labeling methodologies and availability of 

high magnetic fields have made it possible to use 17O NMR as a direct probe of molecular 

dynamics. In many cases, 17O is the only feasible NMR probe for detecting molecular motions. In 

this thesis, we employ solid-state 17O NMR as a primary tool to detect molecular motions in 

various crystalline compounds, including an inorganic compound NaNO2 and two families of 

organic compounds containing hydrogen bonds (sulfonic acids and carboxylic acids). First, we 

acquired and analyzed variable-temperature 17O central-transition (CT) NMR spectra for all the 

compounds studied, from which kinetic information about the molecular motion was obtained. 

Second, we demonstrated that 17O transverse relaxation times for the satellite transition (ST) can 

be used as a new way of probing molecular motion in solids. Third, we performed extensive 

quantum chemical calculations not only to aid analysis of 17O NMR tensor parameters, but also to 

gain insights into hydrogen bonding interactions. In particular, we used the Density Functional 

based Tight Binding (DFTB) method to obtain information about hydrogen bonding interactions 

in the transition state during molecular rotations or jumps. To the best of our knowledge, this is 

the first demonstration of this approach in studying molecular dynamics in solids. Fourth, we 

obtained new solid-state 17O NMR data for two crystalline carboxylic acids where low-barrier 

hydrogen bonds (LBHBs) are present. Our results shed new lights into the energetics of LBHBs. 
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Chapter 1 Introduction 

1.1 NMR Studies of Molecular Dynamics  

1.1.1 Probing Motions of Chemical Functional Groups 

Nuclear magnetic resonance (NMR) spectroscopy, as one of the most common analytical 

tools, was discovered in the 1940s.1,2 During the past few decades, NMR spectroscopy has been 

widely applied to research in numerous scientific fields. Because NMR can provide exclusive 

information at the atomic levels, it has extensively been used in structural and properties studies 

of materials in different phases. Among these, solution-state NMR was favoured by most chemists 

because anisotropic nuclear spin interactions are averaged out by fast molecular tumbling in 

solutions, which results in observation of relatively sharp and well-separated peaks in the NMR 

spectra. In contrast, solid-state NMR (SSNMR) studies are more difficult. However, it has been 

well-established3–6 that anisotropic nuclear interactions usually contain important information 

about chemical bonding and molecular structures in solids. In recent years, SSNMR has become 

particularly useful in a variety of research areas.7–11 

Molecules in all materials undergo movements constantly. In many cases, chemical 

functional groups or atoms migrate to different positions without disturbing the macroscopic 

equilibrium. The overall molecular structure would remain unchanged. Therefore, no reaction 

happens during this process, as this phenomenon is usually referred as chemical exchange. 

However, this exchange can generate significant NMR effects. For example, as shown in Figure 

1.1, the two highlighted methyl groups in 1,3-dimethylamino-7-methyl-1,2,4-benzotriazine can 

rotate about the C-N bond attached to the ring. Since the positions of the two methyl groups are 

chemically different, they should display distinct peaks in the solution-state 1H NMR spectrum. 
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As seen from the bottom spectrum in Figure 1.1, the two N-CH3 groups have well-separated peaks 

at 223 K. However, as the temperature increases, the two N-CH3 groups begin to interchange their 

positions due to the rotation about the C-N bond. As a result, the two N-CH3 signals broaden and 

gradually merge together. Eventually, only one peak was observed at 273 K.12 This kind of NMR 

spectral response to molecular motions (also known as chemical exchange phenomenon) was 

discovered at the very early stage of NMR spectrsocopy.3,13–15 

 
Figure 1.1. The N-methyl signal region of the 1H NMR spectrum for 1,3-dimethylamino-7-methyl-
1,2,4-benzotriazine obtained at 7.1 T.12 (Figure reproduced from Ref. 12) 

 

Another type of molecular motion/dynamics involves interchanging atomic positions 

among equivalent atoms within a chemical functional group. To visualize this type of motion, two 

common examples are shown in Figure 1.2. In the first case, the two hydrogen atoms in a water 

molecule can flip around the symmetry axis, making a 180º rotation. In the second case, the three 

hydrogen atoms in a methyl group can exchange their positions by a 3-fold jump about the C3 axis. 
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The reorientational motion maintains the intramolecular equilibrium within the functional group, 

so it does not introduce differences in electron or nuclear density distributions. Therefore, the 

traditional diffraction methods, such as X-ray or neutron diffraction, would not provide useful 

information about such molecular motions. However, the equivalence of the atoms is broken in 

the presence of an applied magnetic field. The molecules are randomly orientated in the sample, 

so B0����⃗  is not necessarily aligned with the symmetry axis of the functional group. This feature makes 

SSNMR a particularly useful tool since the molecules are more restricted to move in solids, 

allowing an expanded time scale to be studied. Investigation of such motions is important, because 

one can obtain insights into the molecular structures and their influence on the overall properties 

of the materials. For example, the 180° flipping motion of phenyl rings in glassy polycarbonate 

was detected by SSNMR.16,17 The rotation of the ring would cause density fluctuations in the solid, 

so that it is closely related to thermal and mechanical properties of the polymer.18,19 Similar 

molecular motions were also detected by SSNMR in phenylalanine,20 pentapeptide enkephalin21 

and membrane proteins.22 Therefore, SSNMR has been universally employed in various research 

fields to study molecular dynamics (MD). 

 
 
Figure 1.2. Illustration of the 180° flipping motion of a water molecule and the 3-fold jump motion 
of a methyl group about their symmetry axes. 
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1.1.2 Historical Review 

 NMR studies on molecular motion in solids can be traced back to the 1950s. Typically, 

motions of chemical groups commonly exist in organic and inorganic solids were investigated. 

Specially, in 1955, Kromhout and Moulton23 investigated a series of amino-group containing 

compounds with single-crystal proton NMR. They assigned the transition of spectral line width at 

-40℃ to the outbreak of -NH2 group rotation in benzidine. Similarly, the changes in second 

moments at low temperatures for several other compounds (e.g., formamide, urea, glycine, etc.) 

were confirmed to be caused by the rotation of -NH3⁺ groups about the C3 symmetry axes. More 

importantly, they stated that the widely existed hydrogen bonds produce a “strong hindering” of 

the rotational motions of amino groups. Later, in 1956, Ketudat and Pound pointed out that their 

SSNMR study of Li2SO4•D2O revealed a “hindered motion” of the heavy water molecule.24 They 

reported that, at room temperature, the single-crystal 2H NMR spectrum displays two pairs of 

deuterium resonance lines from the two water molecules in the unit cell.25 Additionally, they found 

that the maximum component of the nuclear interaction tensor is perpendicular to the plane of the 

water molecule, and the minimum component occurs along the bisector of the DOD angle. 

Therefore, the 180° flipping motion of the D2O molecule about the bisector (symmetry axis) 

between the two equivalent atom sites was proved. Meanwhile, the 2H spectrum obtained at -125℃ 

showed four pairs of lines. Besides, the maximum tensor component changed to a direction parallel 

to one of the O-D bonds. These facts suggest that the hindered motion can be stopped by lowering 

the temperature, so the water molecules become static. To start rotating, the water molecules must 

overcome an energy barrier to gain mobility. They indicated that the spin-lattice relaxation time 

(T1) agrees with the thermal excitation, but they were not able to make accurate measurements. 

Soon after, Das contributed to the energy barrier calculations from the dipole-dipole splitting 
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pattern of the peaks.26 Based on the tensor parameter results from Ketudat and Pound, the upper 

and lower limits of the energy barrier for the reorientational motion in Li2SO4•D2O were estimated 

to be 10 and 11 kcal/mol. Using the same methodology, Das also discussed rotation barriers for -

NH3⁺ and -CH3 groups in several compounds.26 Notably, the author recognized that, comparing 

with the dipolar splitting of proton signals, the effect on quadrupolar interaction (QI)27 from the 

position exchange motion of deuterons is more significant.  

 Nuclear spins with spin quantum number of one half (𝐼𝐼 = 1/2) such as 1H and 13C have 

usually been the main focus of most NMR applications. In solids, spin half nuclei do not experience 

quadrupolar interactions, making the spectra easier to analyze. Regarding molecular motion 

studies, chemical groups with equivalent H atom sites were first studied. Starting from 1953, 

Gutowsky and co-workers performed experimental and computational studies on -CH3 group 

rotations in various compounds.28–31 The investigation started from the quantum mechanical 

tunneling frequency calculations in solutions,28,29 and later migrated to solids.30,31 It is essential to 

mention that, based on the Bloembergen-Purcell-Pound (BPP) theory,32 proton T1 calculations 

were also performed for the hindered reorienting -CH3 groups.31 As mentioned earlier, spin-lattice 

relaxation time measurements would contain the information of the energy barrier of the motion. 

Therefore, the calculations provided a fundamental theory for the analysis. E. R. Andrew, a 

pioneering NMR spectroscopist, also contributed a great deal in the early stage.3,33 In 1961, he 

reported the progress in the field by describing theories and summarizing results from some 

relevant works.34 The discussion was focused on two aspects. One is how temperature dependent 

NMR spectra could serve as a valuable tool to establish the existence of molecular motions in 

solids. As demonstrated in the previous studies,23,24 the ongoing molecular motions generally cause 

reductions in NMR line widths and second moments. However, they are not very informative in 
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the critical temperature range of motions. The other aspect is to determine the kinetics of the 

motions, as established, from the T1 measurements.31 The fact is that the temperature dependence 

of T1 reflects the temperature dependence of the correlation time (τc) for the molecules under study, 

which in turn is dependent on the activation energy (Ea) of the motion by a simple law of τc =

𝜏𝜏0exp (𝐸𝐸𝑎𝑎/𝑘𝑘𝐵𝐵T), where 𝜏𝜏0 is constant and 𝑘𝑘𝐵𝐵 is the Boltzmann constant. The general approach is 

to record T1 at variable temperatures (VT). The measured relaxation times are then plotted against 

the reciprocal of temperatures. At the temperature where the molecular motions generate the most 

prominent NMR effects, T1 of the reorienting nucleus experiences a minimum.3–5 Based on this 

evidence, he performed a series of proton NMR studies on -NH3⁺ group rotations about C-N bonds 

in crystalline amino acids.35–40 Examples of Andrew’s experimental approach are shown in Figure 

1.3.35 As seen in Figure 1.3, T1 of DL-serine exhibits a minimum at some related temperature due 

to the exchange motions in -NH3+. However, for L-alanine, which has a -CH3 side chain, two 

minima are observed, which are attributed to the motions in -NH3+ and -CH3, respectively. This 

interpretation is further supported by the relaxation curve of the same compound, L-alanine, but 

partially deuterated on the amino group (-ND3⁺). In this case, the lower minimum in T1 no longer 

exists, which confirms that the shorter T1 corresponds to the rotation of amino groups. Essentially, 

the experimental data were modeled with the Kubo-Tomita equation41 as shown by the solid lines 

in Figure 1.3, giving the relevant activation energy barriers for the molecular motions. Within the 

amino acids under study, the 𝐸𝐸𝑎𝑎 values for -NH3+ groups are roughly in a range of 25-50 kJ/mol. 

In contrast, the methyl rotations in the side chains have barriers typically below 20 kJ/mol. As 

specially emphasized by the author, the reorienting -NH3+ groups experience higher potential 

barriers mainly due to the formed hydrogen bonds.35 The H-bonding interactions are considered 

to be stronger than other intermolecular forces, such as van der Waals interactions and electrostatic 
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interactions. It could be supported by the trend in potential barriers, where the amino acids with 

hydrocarbon side chains generally have higher barriers than those contain non-hydrocarbon 

atoms.39 The crucial reason is that the dominating H-bonding interactions lead to some re-

arrangements in the packing of molecules, making the hydrogen bonds stronger. On the other hand, 

if a considerable level of electrostatic forces exists, the hydrogen bonds will be less optimized.39 

Therefore, comparisons of the activation energies for the amino acids give a straightforward view 

of differences in H-bonding strengths. 

 

Figure 1.3 (a) Variable temperature 1H T1 measurements for DL-serine at 60 MHz and 39 MHz. 
(b) Variable temperature 1H T1 measurement for protonated L-alanine (solid dots) and partially 
deuterated alanine (ND3-CH(CH3)-COO) (open dots) at 60 MHz. (Figures reproduced from Ref. 
35) 

 

 In 1957, Das26 recognized that the exchange motion of nuclei would generate more 

significant effect on quadrupolar interactions. Consequently, an increasing number of studies 

began to utilize deuteron (2H, 𝐼𝐼 = 1) magnetic resonance (DMR) for probing molecular motion. 
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NMR parameters of deuterons are exclusively governed by QIs, which are highly dependent on 

bond directions. Therefore, the DMR effects from the molecular motions are easier to be 

interpreted. In addition, 2H isotope labeling allows selection of the chemical groups under study. 

These features make deuterium an excellent probe for molecular dynamics. In 1961, Schmidt and 

Uehling, based on a previous work,42 reported a thorough magnetic resonance study of the 

deuteron motions in KD2PO4.43 In addition, based on the discovery of Ketudat and Pound,24 the 

water molecule motions in hydrated solids aroused interest of researchers. Following the approach 

of Schmidt and Uehling,43 Chiba did a sequence of DMR studies on hydration of crystals.44–47 In 

the initial work,44 the water molecule motion in Ba(ClO3)2∙D2O was examined by quadrupole 

splitting in 2H NMR spectra. Similar to the conclusion from the work of Ketudat and Pound, the 

flipping motion of D2O molecules was confirmed by the quadrupole tensor components. Chiba 

also proposed a model to approximate exchange rates (𝑘𝑘ex) for the flipping motion, depending on 

the resonance frequency differences between the two stationary deuteron sites, the signal-to-noise 

(S/N) ratio, and the transverse relaxation time (T2).44 Using the derived exchange rates, an 𝐸𝐸𝑎𝑎 value 

of around 7 kcal/mol was estimated following the Arrhenius equation. The energy barrier for D2O 

flipping was found to be similar to those of H2O in CaSO4∙2H2O and Li2SO4•H2O measured from 

an earlier 1H T1 study.48 Similar to the situations seen in crystalline amino acids, the energy barrier 

is mainly due to the breaking of two hydrogen bonds around the deuteron sites. Therefore, the 

barrier was considered to be reasonable by the author based on the measured O···D−O bond 

lengths.44 Later on, the energy barrier was further confirmed by a subsequent study.46 The regular 

T1 method was applied, with an add-on study of direct exchange rate measurements reproduced 

from the work by Schmidt and Uehling.43 Structures of the hydrogen bonding systems in some 

other solid hydrates were also investigated by studying the deuteron quadrupole coupling constants 
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and the directions of electric field gradient (EFG) tensors.45,47 It was also pointed out that it would 

be promising to study the reorienting motions by reproducing the quadrupolar lineshapes 

computationally.46 Since the 1H dipolar splitting was known to be insensitive to the flipping 

motion,48 this additionally makes DMR is a superior way of studying the water molecule motions. 

 Although the significance of DMR lineshape study for molecular dynamics was recognized 

in early days of NMR, it did not become practical for about a decade. The primary reason was the 

limitation of the instruments in the pulsed Fourier transform (FT) spectroscopy. Since the 2H 

powder NMR spectra have much broader signals than 1H, the 2H free induction decays (FIDs) are 

typically very short in the time domain. On most traditional spectrometers, because the deadtime 

after the radio frequency (RF) pulse is rather long, it was not possible to detect short 2H FIDs.49 In 

order to circumvent the deadtime issue, a “spin-echo” pulse sequence50,51 was employed. Instead 

of acquiring the FID after a single π/2 pulse, the refocused spin-echo was obtained after an 

additional π pulse. Under this circumstance, the time delay between the π/2 and π pulses is chosen 

to be longer than the spectrometer deadtime, which eliminates this side effect. Combining this 

technique with the improved field strengths, research works with reasonable quality to study DMR 

lineshapes started in 1976.49,52 As a consequence, DMR lineshape analysis has been employed as 

a new tool to study MD, and it has become the most popular approach thereafter.53–55 The 2H 

powder spectra contain the local structural information from all orientations. Furthermore, the 

molecular motions are known to induce distinct changes on quadrupolar lineshapes, especially for 

the intermediate range when the rate of motion is on the order of quadrupolar couplings.56,57 

Therefore, the relevant structural and motional parameters could be inferred from the spectral 

simulations.  
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 As mentioned earlier, molecular dynamics exist in all materials so the molecular motion 

studies are useful in numerous fields. Deuterium exchange has been investigated in various 

systems as well, such as biological molecules58 and polymers.59 H. W. Spiess is a leading scientist 

in DMR studies, with a major focus on molecular motions in solid polymers.53,60,61 He has made 

both theoretical and experimental contributions, including optimizations of the spin-echo 

method,53,62 analysis of NMR lineshapes,63,64 as well as comprehensive reviews of related 

works.16,65 As the author discussed, the DMR lineshape analysis method could provide exclusive 

information about types of molecular motions in polymers. Different types of motions would 

generate diverse effects on quadrupolar interactions; thus, they would generate various effects on 

DMR lineshapes. For example, Figure 1.4 illustrates three simple motional mechanisms found in 

polymers, the kink-3-bond motion, the crankshaft-5-bond motion, and the phenyl ring 180° 

flipping motion.16  One can see that different mode of molecular motion produce different 

averaging effects on 2H EFG tensor parameters. Therefore, 2H NMR spectra acquired under rapid 

exchange motions are drastically different.  

 Since the 1980s, there was a blooming of DMR lineshape studies for dynamical processes 

in various groups and systems. For example, stereochemistry change in biomolecules were 

monitored from two site exchange deuterium motions.66,67 Rotation of -CD3 groups about the C3 

symmetry axis were investigated in amino acids, proteins and pharmaceutical compounds.68–70 

Dynamical effects were examined in lipid membranes54 and surfactant materials.71 Among these, 

it is worth to mention the systematic study of crystalline amino acids by Gu et al. in 1996.55 As 

was discovered in early 1H NMR studies by Andrew, the rotation energy barriers of amine groups 

would reflect the trend of hydrogen bonding strengths in amino acids.35,39 In the work by Gu et 

al.,55 amino group rotations in a variety of crystalline amino acids were re-examined via the DMR 
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lineshape method as well as the proton T1 measurements. Exceptionally, different forms of the 

same amino acids were investigated. For example, the experimental and simulated static VT 2H 

NMR spectra of L-aspartic acid and DL-aspartic acid are shown in Figure 1.5. As stated by the 

authors, the extra sharp peak appeared in the experimental spectra of DL-aspartic acid are from 

the residue D2O molecules, which do not have effects on ND3⁺ rotations. As seen from the spectra, 

the deuterium lineshapes display as triplets at low temperatures, and averaged Pake patterns72 were 

obtained at high temperatures. The lineshapes are consistent with the nuclear model, which was 

also discussed in a previous work on methyl group rotations in L-alanine.68 

 

Figure 1.4. (left) Illustration and averaged EFG tensors plus (right) Theoretical 2H NMR spectra 
under rapid exchange for the motional mechanisms of (a) Kink-3-bond motion, (b) crankshaft-5-
bond and (c) 180° flipping of phenyl ring. (Figures reproduced from Ref.16) 
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Figure 1.5. Experimental and simulated static VT deuterium spectra for ND3⁺ groups in crystalline 
(a) DL-aspartic acid and (b) L-aspartic acid. (Figures reproduced from Ref.71) 
 

As mentioned earlier, the atoms sites within a chemical group are not equivalent in the 

applied magnetic field. Therefore, the spectrum should consist of three independent resonance 

signals in the ultraslow exchange regime, from the three deuteron sites in the ND3⁺ groups. The 

stationary groups would resemble the Pake pattern72 for the overall lineshape. This feature is not 

shown in Figure 1.5. since the temperatures were not low enough to reach the slow exchange limit. 

In the intermediate range when 𝑘𝑘ex is on the same order of the quadrupole coupling constant, T2 

is short comparing with the time delay in the spin-echo pulse sequence. Therefore, nuclear spins 

failed to refocus so the spectrum would experience intensity loss,56,57 as seen from the relative 

spectral intensities in the figure. However, there are two unique orientations of the group in the 

applied magnetic field, as illustrated in Figure 1.6.68 In both schemes, the reorientation of the ND3⁺ 

group would not introduce magnetic differences in deuteron sites. The angle between each C-D 

bond and B0����⃗  remains unchanged during the rotation. In one case, the applied field direction is 

along the C3 symmetry axis of the group, which coincides with the C-N bond. In the other case, 

the field direction is in the plane of C-N-D and it bisects and C-N-D angle. This brings all N-D 
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bonds at 54.7° with B0����⃗ , assuming a perfect tetrahedral geometry. ND3⁺ groups at these two 

orientations would retain relatively long T2, giving higher intensities on the spectrum. Therefore, 

the triplet lineshapes in Figure 1.5 correspond to deuteron signals from the orientations in Figure 

1.6. In the high temperature range, the fast exchange motion of the three axially symmetric 

deuteron sites averages out the effects. The lineshapes in the fast limit become narrower, and the 

averaged Pake patterns are observed, as shown on the last spectrum in each sequence in Figure 1.5. 

 

Figure 1.6. Two orientations of ND3⁺ groups that produce triplet lineshapes in the intermediate 
exchange regime, for which (a) the symmetry axis is parallel to B0 and (b) B0 bisects C-N-D angle. 

 

The exchange rates of the 3-fold jump motion were analyzed from the simulations by 

computational modeling.73 The rotation energy barrier could be obtained from the Arrhenius plot, 

as shown in Figure 1.7. The slopes of the linear regression yielded activation energies values of 22 

± 2 kJ/mol and 27 ± 2 kJ/mol for DL and L forms of aspartic acid respectively.55 The energy results 

were also confirmed by proton T1 measurements. Since L and D configurations of amino acids 

only differ in chirality, the difference in 𝐸𝐸a was considered to be associated with local hydrogen 

bonding strengths. This argument could be supported by the H-bonding environments in the crystal 

structures, as shown in Figure 1.8. In L-aspartic acid, the three hydrogen bonds around the ND3⁺ 

group are about 0.04 Å shorter than those in DL-aspartic acid. Thus, higher energy would be 
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required to break the hydrogen bonds and perform reorienting motions for ND3⁺ groups in L-

aspartic acid, as proved by the experimental results. Energy barriers in other amino acids were also 

examined by the authors with an focus on the hydrogen bonding environments.55 Therefore, a 

systematic study would yield relative H-bonding strength within the same class of compounds. 

Similar works were carried out for solid hydrates, which is another typical class of hydrogen 

bonding compounds. In 1991, Larsson74 wrote a review article summarizing experimentally 

observed correlations between the reorientation energy barriers and H-bonding strengths in 

crystalline hydrates. 

 

Figure 1.7. Arrhenius plots of experimental ND3⁺ jump rates (𝑘𝑘𝑒𝑒𝑒𝑒) against reciprocal temperature 
for DL-aspartic acid (closed circles) and L-aspartic acid (open circles). (Figure reproduced from 
Ref.71) 
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Figure 1.8. Hydrogen bonding details around amine groups for crystalline (a) DL-aspartic acid 
and (b) L-aspartic acid. Hydrogen bonding lengths marked on the systems are N-O distances. 
(Figures reproduced from Ref.71) 

 

 Besides 1H and 2H which are generally used as direct probes, many other NMR active 

nuclei were also employed to study MD. 13C is another commonly used spin-half nucleus in NMR 

experiments. Similar to proton NMR, molecular motions of the chemical groups would also 

introduce variations in 13C relaxation times. Moreover, 13C NMR lineshapes, which are dominated 

by chemical shift anisotropy (CSA), would be affected by the motions. Therefore, 13C VT NMR 

is widely applied in various materials as well. For example, dynamics of alanine methyl groups 
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were found to be related to different packing arrangements in spider silks.75 T1 measurements of 

13C atoms were used to characterize the motions. In polycarbonates, flipping motions of the phenyl 

and phenylene rings, as mentioned earlier, were evaluated by 13C CSA lineshapes.76,77 It is also an 

excellent tool to probe twisting motions of carbon chains in polymers.78 Similarly, 15N (𝐼𝐼 = 1/2) 

NMR was used as an indirect probe for the proton motions in -NH3⁺.79 Following the theory of 2H 

NMR, the same experimental methodology was applied to 14N (𝐼𝐼 = 1).80 Another important class 

is half-integer quadrupolar nuclei, which cover approximately three quarters of NMR active 

isotopes. Progress has been made on MD effects in SSNMR for this class in both organic and 

inorganic materials. 7Li (𝐼𝐼 = 3/2) NMR was applied to probe the mobility of lithium ions in 

batteries.81 The dynamics of Ag+ can be indirectly probed by 87Rb (𝐼𝐼 = 3/2) lineshapes in RbAg4I5, 

which is a electrolyte material.82 Oxygen motions in a series of polycrystalline salts with XO4ˉ 

anions, where X is a half-integer quadrupolar nucleus, were probed indirectly by 185/187Re, 55Mn 

and 75As NMR lineshapes.83 With the improvements in field strengths and experimental techniques, 

MD studies by SSNMR are expected to extend in more scientific fields and aspects. 

 

1.2 Solid-State 17O NMR – A Sensitive Probe for Molecular Dynamics 

1.2.1 Introduction to 17O NMR 

Oxygen is a particularly important element that appears in most of organic and biological 

molecules. Among its three stable isotopes, only 17O is NMR active. However, comparing with 1H, 

13C and other commonly studied nuclei by NMR, solid-state 17O NMR does not have a long history. 

It is very low in natural abundance, which is only 0.037%. As a consequence, it is difficult to detect 

17O NMR signals without special isotope labeling techniques. However, the labeling process is 
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challenging for most organic and biological molecules, and it usually comes with high cost.84 

Moreover, 17O has a half-integer quadrupolar nucleus (I = 5/2). It is not favorable to SSNMR 

analysis due to the fact that the notably significant quadrupolar interaction will greatly broaden 

their NMR peaks. In addition, the gyromagnetic ratio (γ) of 17O is relatively low. In an applied 

magnetic field (B0), a low gyromagnetic ratio will have a low resonance Larmor frequency (ν0 = 

γB0/2π). At a given magnetic field, the resonance frequency of 17O is over 7 times lower than that 

of 1H. For instance, at 11.7 T, the 1H resonance frequency is around 500 MHz, whereas the 

precession frequency for 17O is less than 70 MHz. Therefore, 17O SSNMR spectra are usually 

acquired under high magnetic fields (≥ 11.7 T) in order to increase the resolution and the sensitivity.  

To overcome the difficulties of studying 17O SSNMR, some tricks and techniques are 

needed to improve the aspects listed above. First of all, 17O labeling is a prerequisite for the 

compound under study to enhance NMR signals. This is usually accomplished by organic synthesis. 

Some general methodologies to prepare 17O-labeled compounds were summarized in an earlier 

work by Theodorou et al.85 For organic molecules, the general labeling procedure could be 

designed based on the desired functional group. In most cases, the source of the isotope is 

commercially available 17O enriched H2O. For example, a part of 17O-labeled phenols could be 

prepared by hydrolysis of relevant diazonium salt, as shown in Scheme 1.1. In 2017, Métro et al.86 

discovered a new way for 17O labeling using mechanochemistry. They reported that ball milling 

protocols are fast and low-cost, which would eliminate the main obstacles for 17O labeling works. 

The improvement in synthetic procedures will make 17O studies more feasible, and it could 

possibly introduce the interest to more research groups. Recently, Lin et al.87 also demonstrated 

that it is possible to incorporate 17O-labeled amino acids into recombinant proteins. 
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Scheme 1.1. Preparation of 17O labeled phenol from aniline.85 

 

The strong quadrupolar interactions of 17O could cause large broadening effects on the 

SSNMR signals, as mentioned earlier. Therefore, most of 17O SSNMR experiments would focus 

on the so-called central-transition (CT) signal (from m = 1/2 to m = –1/2), for which the spectral 

line width is independent of the first-order QI. As for the line broadening due to the second-order 

QI, it could be reduced by increasing the strength of the applied magnetic field (B0). For instance, 

Figure 1.9 shows the static 17O SSNMR spectra for a powder sample of [17O3]-taurine recorded at 

11.7 and 21.1 T.88 Comparison of the two spectra shows a significant reduction of line width on 

going from the low field to the high field. At 11.7 T, the line width covers a frequency range of 

around 450 ppm, whereas the spectrum obtained at 21.1 T shows a much narrower peak with its 

line width being only 200 ppm. In addition, special techniques or pulse sequences could be applied 

to further reduce second-order QI effects. The most widely used method is magic angle spinning 

(MAS).89,90 An example is given in Figure 1.10. The static and MAS 17O SSNMR spectra for [1,2-

17O2]salicylic acid were acquired at 21.1 T.91 As seen from the figure, the stationary sample 

exhibits one broad peak due to overlapping quadrupolar lineshapes. In contrast, the 17O MAS 

spectrum displays two relatively sharp and resolved peaks, which allows identification of signals 

from different atom sites (as shown in the simulations). Some other SSNMR techniques were also 

commonly used in 17O studies, including dynamical angle spinning,92,93 double rotation,94–96 

multiple quantum MAS,97,98 and satellite transition (ST) MAS.99 They are able to partially or 

entirely remove the second-order QI effects, giving higher resolution 17O SSNMR spectra. 
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 Before the 2000s, 17O SSNMR studies were rather scarce in the literature.100 With the 

improvements in NMR spectrometers and magnet technology, 17O has gained popularity among 

researchers in the past 20 years for studying organic and biological compounds.11,84,101–105 The 

frequently discussed topics include but are not limited to 17O SSNMR studies of small and large 

biological molecules,88,106,115–124,107,125,126,108–114 pharmaceutical ingredients,91,127–130 paramagnetic 

compounds,131 molecular dynamics,132–141 and low-barrier hydrogen bonds.139,142 It is also possible 

to use dynamic nuclear polarization (DNP) to enhance 17O NMR sensitivity.143,144 Along with the 

diverse applications, 17O SSNMR has been proved to be an excellent tool for producing 

information about molecular structures, properties and dynamics. 

 

 

Figure 1.9. Molecular structure and experimental static 17O NMR spectra of [17O3]-taurine 
obtained at two fields, 11.7 T (lower) and 21.1 T (upper). (Figures reproduced from Ref.87)  
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Figure 1.10. Molecular structure, experimental (blue traces) and simulated (red traces) static (a) 
and MAS (b) 17O NMR spectra of [1,2-17O2]salicylic acid obtained at 21.1 T. (Figures reproduced 
from Ref.90) 

 

1.2.2 Probing Molecular Motions by 17O SSNMR 

 As a fundamental element, a considerable number of chemical groups or simple molecules 

contain multiple oxygen sites. Analogous to 1H and 2H, 17O NMR is also a potential tool for MD 

studies. Before 2000s, research works on 17O NMR dynamics study are rare. Motions of oxygen 

atoms are usually not detected directly due to the technical difficulties of 17O NMR. Initially, there 

appeared some works on oxygen-containing group motions in solutions.145–148 Despite the 

difficulties in 17O SSNMR, it has been proven to be a valuable probe of molecular motions.11 

Oxygen motions over a large range of timescale (10-12 ~ 102 s) could be examined in solid materials. 

Moreover, the 17O powder lineshape broadened by second-order QI is particularly sensitive to 

changes in structures. In the early stage, the majority of solid-state 17O dynamic NMR studies 
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focused on tetrahedral oxygen jumps of XO4 groups in inorganic solids.149–155 Specifically, 

Witscha’s work was considered to be the first one using 17O NMR powder spectra to probe the 

reorientation of oxygen sites.149 In this work, the coupling effects between the cation and the 

reorienting anion, named as the paddle-wheel mechanism, were studied in crystalline Na3PO4. 17O 

NMR powder spectra over a broad range of temperature were used to characterize the anion 

dynamics. From the simulation of 17O VT NMR lineshapes, the 3-fold reorientational mechanism 

of [PO4]3ˉ was demonstrated to be around each individual C3 axes at two distinct rates. The 𝐸𝐸a 

value of the anion rotation was calculated to be 62.7 kJ/mol from the exchange rates. Combining 

with 23Na and 31P NMR data, the dynamic coupling inside the material was confirmed.149 

 Following Witscha’s work, there were several more studies of inorganic materials focusing 

on oxygen motions in XO4 tetrahedras by 17O static or MAS NMR spectra. Among these, it is 

worth mentioning the study on ZrW2O8 by Hampson et al.151 2D exchange spectroscopy 

(EXSY)156 was utilized to inspect the mutual exchange among the oxygen sites. Based on the 

correlation plot, motions were confirmed to occur for all four oxygens in the WO4 group at low 

temperature, which is below the phase transition temperature of the material.151 Later on, more 

studies on different types of oxygen-containing anions with various purposes appeared. For 

example, the ion dynamics in Li2CO3, which is easily formed in Li-based CO2 absorption materials, 

were studied by SSNMR.157 17O NMR was utilized to investigate the rotation of CO32ˉ, and the 

dynamics process was combined with the mobility of Li⁺ in the solid state. Slow and intermediate 

motion regions of oxygen sites were analyzed using 17O NMR lineshapes. The motion effects 

under ultra-high temperatures, where the oxygen hopping rate is approaching the Larmor 

frequency, were recorded using T1 measurements. Inconsistency in activation energies was found 

between the two methods, due to the existence of mobile Li⁺ ions at high temperatures. The similar 
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activation energies for cation and anion motions indicated that the transport of Li⁺ was assisted by 

rotations of CO32ˉ, and the process is important to the conductivity mechanism of the material.157 

In 2017, the lineshape method of 17O NMR has been further developed by Hung et al. in a study 

of NaNO3.140 The authors stated that for half-integer quadrupolar nuclei, the chemical exchange 

model cannot be described by the classical McConnell equations15 due to the large quadrupole 

coupling. A new quantum mechanical model was purposed to simulate the half-integer 

quadrupolar lineshapes, and the model was explained using VT NMR spectra of anion rotation in 

NaNO3. As shown in Figure 1.11, the strong temperature dependence of the spectral lineshapes 

demonstrates the sensitivity of 17O NMR on molecular motion. Based on the theory, the authors 

found that the 17O CT lineshapes exhibit a two-stage transition along the exchange mechanism. As 

observed on Figure 1.11, the first transition in lineshape is obvious in the temperature range 180 

to 230 K. It occurs when the exchange rate is comparable with the second-order quadrupolar line 

width, which is typically on the order of 103-104 Hz. This transition is generally discovered in early 

MD studies, and is frequently referred to as the intermediate exchange regime. Following the first 

transition, the spectra narrowed down from the motional averaging among the three oxygen sites. 

After 270 K, some broadening was introduced in the spectra, and the second transition in 

lineshapes arose. The second transition occurred in the frequency range approaching the Larmor 

frequency (107-109 Hz), which is consistent with the theoretical model built as seen from the 

simulated spectra. The dynamic effect is from the averaging of the second-order QI.140 The 

validated model is believed to be applicable to mutual exchange systems of all half-integer 

quadrupolar nuclei.  
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Figure 1.11. Experimental and simulated static VT 17O NMR spectra of NaNO3 obtained at 14.1 
T (𝜈𝜈0 = 81.4 MHz) and 21.1 T (𝜈𝜈0 = 121.7 MHz). (Figure reproduced from Ref.137) 

 

 An important aspect of 17O SSNMR studies is the widely existing hydrogen bonds around 

the oxygen-containing functional groups in molecular and biological systems. Analogous to the 
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1H and 2H molecular dynamics works mentioned earlier,39,74 the energy barriers calculated from 

17O NMR experiments would provide direct indications of H-bonding strengths in the solids. 

However, only a few recent works could be found about 17O SSNMR studies of molecular motions 

in organic molecules. In 2012, Kong et al. reported a 17O NMR lineshape study on three crystalline 

sulfonic acids, referred as T (taurine), HT (homotaurine) and ABSA (4-aminobutane-1-sulfonic 

acid).132 The motion in sulfonate groups, SO3ˉ were modeled as 3-fold rotations about the C-S 

bonds. In the powder samples, the SO3ˉ groups are surrounded with NH3⁺ groups from 

neighbouring molecules, forming intermolecular O···H−N hydrogen bonds. Therefore, the 

variations in H-bonding strengths give rise to the differences in activation energies for the three 

compounds. The VT 17O NMR powder spectra obtained at 21.1 T for ABSA were shown in Figure 

1.12. Clearly, the 3-fold jump motion of the oxygen sites is evident based on the simulations, and 

the rotation energy barriers were calculated from the Arrhenius relations. Essentially, the authors 

employed a simple model to estimate the H-bonding strength based on the bond length. A rough 

correlation was found between the experimental 𝐸𝐸a and the total H-bonding strengths in the three 

systems.132  

In 2015, Nava et al. performed a comprehensive study of oxidation of carbon monoxide in 

a H-bonding anion receptor.138 CO is oxidized to carbonate by peroxide dianion, and it forms an 

encapsulated carbonate cryptate. The 3-fold rotation of CO32ˉ in the cryptand cage was inspected 

by 17O NMR, as shown in Figure 1.13. The 𝐸𝐸a value determined for CO32ˉ rotation was 22 ± 2 

kJ/mol. The crystal structure from X-ray diffraction shows that, each oxygen atom in CO32ˉ forms 

two O···H−N hydrogen bonds. Therefore, the rotation of CO32ˉ breaks six hydrogen bonds, with 

an average O―N distance of 2.8 Å, as illustrated in Figure 1.13. Notably, the 𝐸𝐸a values for the 

SO3ˉ rotation in the three crystalline sulfonic acids found by Kong et al.132 are considerably higher, 
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which are 48 ± 7, 42 ± 3, and 45 ± 1 kJ/mol for T, HT and ABSA respectively. However, the H-

bonding strengths in the sulfonic acids are not considered to be stronger from the bonding 

parameters.132 In 2018, Wu hypothesized that the lower 𝐸𝐸a value observed for CO32ˉ may be due 

to the residual H-bonding effects in the “transition state” of the rotational pathway, based on the 

examination of the H-bonding structures.105 

 

Figure 1.12. Experimental (left) and simulated (right) static VT 17O NMR powder spectra of 
ABSA obtained at 21.1 T. (Figure reproduced from Ref.129) 
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Figure 1.13. (a) Experimental (blue traces) and simulated (red traces) static solid-state VT 17O 
NMR spectra of the CO3-cryptand complex recorded at 14.1 T. (b) Crystal structure of the CO3-
cryptand system highlighting the hydrogen bonding structures around the CO32ˉ anion (all 
hydrogen atoms except for NH are omitted for clarity). (Figures reproduced from Ref.135) 

 

 A similar approach has been applied to two-site exchange studies, such as the flipping 

motion of carboxylate groups. In 2017, Lu et al. reported the first study of such motion utilizing 

17O NMR as a direct probe.139 In nicotinic acid (NA), an intermolecular low-barrier hydrogen bond 

(LBHB) exists between the COOˉ group and the pyridine N atom. The 2-fold flip causes chemical 

exchange between the two O atoms of the COOˉ group as demonstrated by VT 17O MAS NMR 

spectra shown in Figure 1.14. The 𝐸𝐸a value determined for the carboxylate flipping motion for 

breaking the LBHB was around 32 kJ/mol. This value is not considered to be high in terms of the 

classified H-bonding strengths.158 Therefore, the result had subverted the common belief that 

LBHBs are all very strong.139 Another representative work was conducted by Beerwerth et al. on 

dimethyl sulfone (DMSO2) in 2018.141 The DMSO2 molecule is known to undergo 2-fold rotation 
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about its C2v axis. The authors performed both theoretical and experimental 17O NMR studies to 

obtain a rotation energy barrier of 83 kJ/mol.141 Regarding the groups containing equivalent 

oxygen sites, the indirect probe is usually insensitive to the motions. For example, the 13C SSNMR 

tensor parameters in carboxylate groups are invariant of the flipping motion, thus are not useful in 

MD studies. Moreover, the modeling for half-integer quadrupolar nuclei NMR in MD studies has 

been improving in the past years.134,136,159 Therefore, more MD studies utilizing 17O NMR are 

expected to arise in the future. 

Figure 1.14. (a) Packing of NA molecules in the crystal frame. (b) Experimental and simulated 
VT 17O MAS NMR obtained at 21.1 T. (Figure reproduced from Ref.136) 
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1.3 Aims and the Organization of the Thesis 

 In this thesis, we aim to further develop 17O SSNMR spectroscopy as a direct probe to 

investigate molecular dynamics in organic and inorganic solids. A variety of methodologies are 

utilized in this thesis, including 17O isotope labeling, variable-temperature 17O SSNMR 

experiments, spectral simulations, and quantum chemical calculations. In Chapter 2, we provide a 

general background about 17O SSNMR theory and a brief description of our computational 

approach. In Chapter 3, nitrite (NO2ˉ) ion dynamics in the ferroelectric phase of NaNO2 crystals 

are probed by 17O 1D quadrupolar lineshape analysis, 2D exchange spectroscopy, and transverse 

relaxation studies. In Chapter 4, oxygen jump dynamics in sulfonate (SO3⁻) groups in several 

crystalline sulfonic acids are examined using 17O static lineshape analysis. In combination with 

the previously reported data, we propose a new model in understanding the hydrogen bonding 

effects in solids. In Chapter 5, the 180°-flip motion of carboxylate (COO⁻) groups in carboxylic 

acids are probed with 17O SSNMR in order to learn more about the hydrogen bonding energetics 

in low-barrier hydrogen bonds (LBHBs) of the O-H-N type. By applying the powerful 17O SSNMR 

techniques, we aim to obtain kinetic information about the molecular motions as well as detailed 

pictures of the molecular structures in solids. In Chapter 6, a brief summary of the thesis and 

discussion of future work are provided. 
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Chapter 2 Background on Experimental and Computational Approaches 

2.1 Basic 17O NMR Principles 

2.1.1 Nuclear Spin Systems 

 Spin is the intrinsic angular momentum possessed by elementary particles. Spin quantum 

numbers (𝐼𝐼) are generally used to describe the spin states. Nucleus with a non-zero 𝐼𝐼  can be 

detected by NMR spectroscopy. For 17O, it has odd-numbered atomic mass, thus possesses a half-

integer 𝐼𝐼 of 5/2. The vector model is universally used to describe spin systems in the applied 

magnetic field, B0. Generally, the spin system is model in the 3D Cartesian coordinate. The applied 

magnetic field B0����⃗  is usually assumed to be aligned with the z-axis. The precessing nuclear spins 

are visualized as small vectors, 𝐼𝐼. Without B0, the spinning energy is constant for a nucleus. Once 

B0 exists, the degeneracy of the spin energy levels is broken, depending on the relative orientation 

between B0����⃗  and 𝐼𝐼.  The projection of 𝐼𝐼 in the direction of B0����⃗  is used to illustrate the spin Zeeman 

energy, which is given by 

𝐸𝐸 = −𝑚𝑚ℏ𝛾𝛾𝐵𝐵𝑜𝑜      (1) 

Here, γ is the gyromagnetic ratio, and m represents the sublevels of Zeeman energy. For a spin 

quantum number 𝐼𝐼, m acquires 2𝐼𝐼 + 1 values of (- 𝐼𝐼, - 𝐼𝐼+1, …, 𝐼𝐼-1, 𝐼𝐼), which are called magnetic 

quantum numbers. In a simpler case, spin-half nuclei possess two energy levels with 𝑚𝑚 = ±1/2. 

The total spin vectors without any perturbation are either parallel or anti-parallel with B0����⃗ , as 

illustrated in Figure 2.1. Analogously, 17O (𝐼𝐼 = 5/2) produces a total of six energy sublevels which 

are also shown in Figure 2.1. The transitions with ∆𝑚𝑚 = 1 between neighbouring energy levels 
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are allowed, which are responsible for producing NMR signals. The relative populations of spins 

in difference energy levels obey the Boltzmann distribution, which is represented as 

Nhigher
Nlower

= e−
𝛥𝛥𝛥𝛥
𝑘𝑘𝐵𝐵T = e−

𝛾𝛾𝐵𝐵𝑜𝑜
𝑘𝑘𝐵𝐵T     (2) 

 

 

Figure 2.1. (a) Vector model of spin distributions in an applied magnetic field for 𝐼𝐼 = 1/2. (b) 
Vector model of spin energy sublevels for 𝐼𝐼 = 5/2. 

 

 The resonance frequency of 17O (in Hz) is proportional to the strength of Bo and is directly 

related to the gyromagnetic ratio by 

𝜈𝜈𝑜𝑜 = 𝛾𝛾
2π
𝐵𝐵𝑜𝑜 = 𝛥𝛥𝛥𝛥

ℎ
      (3) 

νo  is also named as the Larmor frequency. Therefore, the 17O spins would possess at higher 

precession rates and have larger spin population differences between two adjacent energy levels 

with the increasing of Bo, thus resulting in higher overall sensitivity. As mentioned in Section 

1.2.1, solid-state 17O NMR spectra are generally obtained at magnetic fields greater than 11.7 T. 
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The applied magnetic field strengths with the relevant spectrometer (1H) frequency and 17O 

resonance frequency appear in this thesis are summarized in Table 2.1. 

Table 2.1. 𝐵𝐵0  strengths and the corresponding 1H and 17O resonance frequencies on the 
spectrometers used in this thesis. 

𝐵𝐵0(T) υo(1H)/MHz υo(17O)/MHz 

11.7 500 67.8 

14.1 600 81.3 

16.4 700 94.9 

21.1 900 122.0 

 

 

 Based on the Boltzmann distribution, the net spin magnetization at rest is aligned with B0����⃗ . 

To disturb the equilibrium, an electromagnetic pulse (B1) at the Larmor frequency is applied by 

the spectrometer. As shown in Table 2.1, the nuclear resonance frequencies are generally in the 

radio frequency (RF) range. Therefore, the applied pulse in NMR experiments is usually referred 

as RF pulse. The RF pulse would excite the spins into higher energy levels. In the rotating frame, 

the net magnetization (M���⃗ ) at equilibrium is along the z-axis. The B1����⃗  applied in the direction of x-

axis will rotate M���⃗  into the y-z plane, as visualized in Figure 2.2. The angle of rotation is dependent 

on the length of the RF pulse. To obtain a maximized signal in the receiver, a 90° pulse with 

duration τ should be applied. A pulse with a duration of 2τ would rotate M���⃗  by 180°, which is 

usually referred as π pulse. Without further disturbance, the excited spins will return to equilibrium 

state through relaxation process. 
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Figure 2.2. Rotation of spin magnetization M0�����⃗  triggered by B1����⃗  in rotating frame. (a) Net spin 
magnetization at equilibrium along B0����⃗ ; (b) Application of a 90° pulse; (c) Application of a 180° 
pulse. 

 

2.1.2 Relaxation Mechanisms 

 After the spins absorb energy from the RF pulse, the net magnetization (M���⃗ ) is no longer 

parallel to the z-axis. However, the energy will be released by the spins themselves, making M 

return to the original position if no additional pulse is applied. Generally, the whole relaxation 

process is separated into two types for mathematical description. The recovery of M���⃗  along the z-

axis (or Bo����⃗ ) is named as spin-lattice relaxation or longitudinal relaxation. The loss of M���⃗  magnitude 

in the x-y plane is known as spin-spin relaxation or transverse relaxation. The two kinds of 

relaxation happen simultaneously in the real model. 

 The spin-lattice relaxation time is characterized by T1. Quantitively, it is defined by the 

Bloch equation:160 

Mz = Mo(1 − e−
t
T1)      (4) 
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In Equation 4, Mz is the z-component of M���⃗  at time t. Mo is the magnitude of M���⃗  at equilibrium, 

which is along the z-axis. From the equation, Mz increases over time until it reaches its thermal 

equilibrium value. The magnitude of Mz can be recorded after the application of a 90° RF pulse, 

so that Mz = 0 at t = 0. The process could be illustrated by the vector model, which is shown in 

Figure 2.3. 

 

Figure 2.3. Time evolution of the magnetization along the z-axis upon the application of a 90° 
pulse. 

 

 Upon the spin-lattice relaxation, the energy released by the flipped nuclear spins go into 

the surrounding atoms or molecules, which is the so-called “lattice”. It accelerates the motions of 

the molecules around the spins, such as the translational and rotational vibrations. These molecular 

motions will cause small fluctuations of the magnetic field at the nuclear site, inducing a “local 

pulse” for the spins. In solutions, the most common interaction responsible for the field 

fluctuations is the nuclear dipolar interaction. In solids, the additional SSNMR interactions also 

contribute substantially, such as the quadrupolar interaction. Therefore, nuclear spins usually 

possess relatively shorter T1 in solids. Since the motional rates are generally affected by the 

temperature, T1 is also temperature dependent. In NMR experiments, the signal is detected from 
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the free induction decay (FID) after the RF pulse. To increase the signal-to-noise ratio (S/N), the 

pulse program regularly consist of the aggregation of RF pulse-FID-acquisition recycles. 

Therefore, the delay between each cycle is determined by T1, which is named as recycle delay (d1). 

 As the spin-lattice relaxation is mainly affected by the motions in the surrounding of the 

nucleus, T1 measurements are therefore widely applicable in MD studies. Routinely, the hindered 

motion in molecules is described by the correlation time 𝜏𝜏𝑐𝑐, which is defined as average time cost 

for molecules to rotate one radian. When the molecular motion is slow,  𝜏𝜏𝑐𝑐 is very long. It has the 

relation with the Larmor frequency 𝜔𝜔𝑜𝑜 (in radius) that 𝜔𝜔𝑜𝑜𝜏𝜏𝑐𝑐 ≫ 1. Similarly, if the molecules are 

under rapid motions, 𝜏𝜏𝑐𝑐  is very short so that 𝜔𝜔𝑜𝑜𝜏𝜏𝑐𝑐 ≪ 1 . This is also known as the extreme 

narrowing condition. In these two cases, T1 is relatively long. The relaxation reaches a minimum 

at a point where the motion rate is intermediate so 𝜔𝜔𝑜𝑜𝜏𝜏𝑐𝑐 ≃ 1.  

 Along with the spin-lattice relaxation, the component of M���⃗  in the x-y plane decreases in 

net magnitude after the RF pulse. The spin-spin relaxation is characterized by T2, which is usually 

named as transverse relaxation time. The Bloch equation gives: 

Mx−y(t) = Mx−y(0)e−
t
T2     (5) 

In the equation above, Mx−y is the spin magnetization in the x-y plane. Mx−y(0) stands for the 

initial magnitude after the 90° pulse. The transverse relaxation is induced by the field 

inhomogeneity. The spin-spin interactions induce field variations in the direction of Bo����⃗ , thus make 

the spins experience different resonance frequencies. After a 90° pulse, the nuclear spins on x-y 

plane are in coherent phase in the rotating frame. As a consequence of the transverse relaxation, 
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the spins dephase and spread out in the x-y plane, as shown in Figure 2.4. During this process, 

energy transfer is among the spins.  

 

 

 

 

 

Figure 2.4. Dephasing of the Mx−y after the 90° pulse. 

 

 The loss of net Mx−y is mainly from the dephase of spins. However, the two relaxation 

processes are coupled with each other. Mx−y will also decrease with the growth of Mz even without 

dephasing. Therefore, T2 is always shorter than T1. In NMR spectroscopy, T2 is linked to the line 

width of half-height of the signals, T2~1/∆𝜈𝜈1/2 . Therefore, differences in line widths would 

indicate the trend of T2. To quantitively measure T2, the decaying in FID is not a proper function. 

The reason is that the spins at different nuclear sites experience considerable degree of field 

inhomogeneity from Bo. In this case, the dephase of the spins are accelerated, giving significantly 

shorter time in T2. To measure the intrinsic T2 from the spin interactions, the spin-echo pulse 

sequence could be used. In the pulse sequence, an additional 180° pulse (or π pulse) is applied after 

the regular 90° pulse, with a pulse spacing named as echo delay (τ). The π pulse will flip the spins 

on the x-y plane, and the dephased spins will assemble phase coherence after the same time interval 

(τ). Therefore, an echo is detected at a time of 2τ. This mechanism is shown in Figure 2.5. Under 
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this circumstance, the π pulse could refocus the loss in spin coherence due to the Bo inhomogeneity. 

The echo intensity reflects the “real” spin magnitude at the time point. 

 

Figure 2.5. Performance of the spins in the x-y plane in the spin-echo pulse sequence. 

 

 Spin echoes were first detected by Erwin Hahn in 1950,161 so they are also known as Hahn 

echoes. The echo intensity will decrease as the echo delay becomes longer, under the effect of 

transverse relaxation. Therefore, an exponential decay in echo intensities could be obtained if 

multi-experiments with increasing τ are performed, which allows the estimation of T2. In 1954, 

Carr and Purcell162 discovered a pulse sequence which consists of a 90° pulse followed by 

successive π pulses. In this way, a train of echoes are produced allowing the estimation of T2 in a 

single NMR experiment. Later on, Meiboom and Gill improved this pulse sequence by apply a 90° 

phase shift for the π pulses after the 90° pulse in 1958.163 In other words, if the initial 90° pulse is 

applied along x-axis in the rotating frame, the sequence of π pulses is then applied along the y-
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axis. The modification could avoid the accumulation of any imperfection from the π pulses in the 

following recycles. Combining the contributions from the authors, the 90°x―(τ―180°y―τ) pulse 

sequence is denoted as CPMG, as illustrated in Figure 2.6. T2 is estimated from relative echo 

intensities in time domain. 

 

Figure 2.6. The CPMG pulse sequence (top) and formation of echoes in the time domain (bottom). 

 

 Unlike T1, T2 is affected by fluctuations from all directions. Therefore, T2 is on the similar 

scale with T1 in non-viscous solutions, but is much less than T1 in solids. Without remarkable 

conformational or chemical exchange, T2 changes spontaneously with temperature. The typical 

curves of T1 and T2 for 1H with respect to the correlation time are shown in Figure 2.7. If noticeable 

chemical exchange exists, the trend of T2 is also strongly affected. In addition, 17O spins in solids 

experience strong quadrupolar effects, which greatly shortened T2. 
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Figure 2.7. T1 and T2 relaxation times versus correlation time for 1H spins in solutions. 

 

2.2 Solid-State NMR Interactions 

NMR spectra with signals generated by RF pulses are mostly analyzed in the frequency 

domain. In the simplest case, a single RF pulse is applied to the spin system, and the signal detected 

from the FID is converted from time domain to frequency domain by Fourier transform (FT), as 

visualized in Figure 2.8. As explained previously, the Zeeman interaction between the spin and Bo 

induces NMR signals. As a matter of fact, other types of interactions also exist in the NMR sample. 

The strength of the nuclear interaction depends on the properties of the nucleus as well as the 

condition of the sample. The various types of interactions disturb the local fields of spins, causing 

differences in NMR frequencies. In solutions, most of the interactions are averaged in strengths 

from all directions, due to fast tumbling motions of the molecules. Therefore, the signals on 

solution-state FT-NMR spectra are relatively sharp, Lorentzian-shaped peaks. In powder samples, 

the spin experiences nuclear interactions from all directions, making the lineshape broadened and 
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distorted. For diamagnetic compounds, the most effective interactions in solids include dipolar 

interaction, chemical shift anisotropy (CSA) and quadrupolar interaction (QI). In a stationary 

sample, the 17O SSNMR signal is dominated by QI and CSA, in addition to the Zeeman interaction. 

  

 

Figure 2.8. NMR FID signal in time domain (left) and Fourier transformed signal in frequency 
domain (right). 

 

 In the spin system, the SSNMR interactions are mathematically defined as tensors, which 

are represented by 3×3 matrices. The tensor can be written as: 

Î = �
Ixx Ixy Ixz
Iyx
Izx

Iyy Iyz
Izy Izz

�      (6) 

 In the NMR theorem, the tensors are described in the principal axis system (PAS). In the 

orientation of the PAS, the tensor is diagonalized. As a result, the PAS has three principal 

components along the diagonal: 

Î = �
Ix 0 0
0
0

Iy 0
0 Iz

�     (7) 
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In Equation 7, each diagonal component relates to a characteristic unit vector, which defines a 

principal axis. In PAS, the three principal axes are perpendicular to each other, forming a new 

coordinate system. For 17O nuclei in solids, both CSA and QI are described by PAS. 

 

2.2.1 Chemical Shift Anisotropy 

 The origin of the chemical shift is the shielding effect of electrons. If there exist more 

electrons orbiting around the nucleus, it is described as shielded. Similarly, if the electrons are 

pulled away from the nucleus, it makes the nucleus deshielded. The shielding effects would alter 

the magnetic field strength at the nuclear site, producing frequency differences in NMR signals. 

The frequency axis in the NMR spectrum is universally expressed in the unit of parts per million 

(ppm). This unit is independent of the field strength, and it is defined as: 

𝛿𝛿 = 𝜈𝜈𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝜈𝜈𝑟𝑟𝑠𝑠𝑟𝑟
𝜈𝜈𝑟𝑟𝑠𝑠𝑟𝑟

× 106     (8) 

In Equation 8, νsample is the resonance frequency of the NMR sample under measurement. νref is 

the frequency of the reference sample. On the frequency axis, νref appears at 0 ppm. The position 

of an NMR signal in ppm is called chemical shift. The shielded nuclei possess smaller chemical 

shifts, and are said to be upfield. Oppositely, the deshielded nuclei are downfield on the spectrum, 

as shown in Figure 2.9.  

Figure 2.9. Description of chemical shifts with respect to the referencing compound. 
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The reference compound varies for different nucleus. As is most familiar to all, the 1H and 

13C frequencies are referenced to tetramethysilane (TMS, Si(CH3)4). For 17O, signal from liquid 

H2O is usually defined as the reference point. As mentioned earlier, averaged chemical shift effect 

is seen in solutions. Therefore, the NMR signal on the solution-state spectrum appears at the 

isotropic chemical shift position. The real chemical shift effect is characterized by the CSA tensor. 

In solids, the CSA tensor is defined in PAS, as described before. However, there are several 

different ways to define the CSA tensor, and they are universally used in various studies. In this 

thesis, all CSA tensors are represented in Haeberlen’s convention164 which is defined as: 

δ�PAS = �
δxx 0     0
0
0

δyy 0
    0    δzz

�     (9) 

The principal components follow the relation of 

|δzz − δiso| ≥ |δxx − δiso| ≥ �δyy − δiso�    (10) 

where δiso  is the isotropic value of the three principal components. In practice, instead of 

specifying three principal components directly, usually the isotropic value as well as two other 

parameters are defined: 

Δδ = δzz −
1
2

(δxx + δyy)     (11) 

η = 3
2
δyy−δxx

Δδ
       (12) 

From the definition of the parameters, Δδ describes the scale of the CSA interaction. A nucleus 

with a large Δδ would cover a broad range of frequency on the NMR spectrum. η is named as the 

asymmetry parameter, which gives rise to CSA pattern in the NMR lineshape. Typically, the 

principal components and asymmetry parameter define the lineshape as below. 
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Figure 2.10. CSA powder pattern and the related tensor parameters. (a) A low symmetry case. (b) 
and (c) Axial symmetry cases with 𝜂𝜂 = 0. 

 

As mentioned, the chemical shift is defined relative to the reference sample. Therefore, 

there exists the magnetic shielding σ, which is defined as: 

𝛿𝛿 = 𝜎𝜎ref − 𝜎𝜎sample     (13) 

Therefore, the CSA tensor is scaled from the magnetic shielding tensor. The Hamiltonian of the 

chemical shift effect is then:165 

ℋCS� = −𝛾𝛾ℏ𝐼𝐼𝜎𝜎𝐵𝐵0     (14) 
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If the applied magnetic field, B0, is defined in the PAS of the shielding tensor in the conventional 

spherical coordinate as shown in Figure 2.11, the unit magnetization at the nuclear site can be 

written as: 

B0
PAS = (sinθcosφ, sinθsinφ, cosθ)    (15) 

The shift in frequency by CSA effect is then: 

𝜔𝜔𝐶𝐶𝐶𝐶 = −𝜔𝜔0(𝜎𝜎𝑒𝑒𝑒𝑒sin2θcos2φ + 𝜎𝜎𝑦𝑦𝑦𝑦sin2θsin2φ + 𝜎𝜎𝑧𝑧𝑧𝑧cos2θ)  (16) 

After arrangements it reduces to: 

𝜔𝜔𝐶𝐶𝐶𝐶 = −𝜔𝜔0𝜎𝜎𝑖𝑖𝑖𝑖𝑜𝑜 −
1
2
𝜔𝜔0Δ[3cos2θ − 1 + 𝜂𝜂sin2θcos2φ]   (17) 

where σiso  is the isotropic shielding, and ω0σiso  is the isotropic frequency for the signal in 

solutions. As indicated by Equation 17, the CSA effect increases with the improvement in field 

strength. 

 

Figure 2.11. Visualization of the PAS of shielding tensor in the lab frame. The ellipse represents 
the electron distribution around the nuclear site and the dash lines display the projection to the lab 
frame. (Figure reproduced from https://chem.libretexts.org/@go/page/1824) 
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2.2.2 The Nuclear Quadrupolar Interaction 

Quadrupolar interactions exist for nuclear spins with 𝐼𝐼 > 1/2. The origin of the effect is 

the non-spherical charge distribution in the nucleus. It would in turn induce asymmetric electron 

density, which forms the electric field gradient (EFG) around the nuclear site, as illustrated in 

Figure 2.12. Quadrupole moments (Q) are defined based on the charge distribution in 𝐼𝐼 > 1/2 

spins. The sign of Q specifies the direction the non-spherical charge model with respect to the 

applied field, and its magnitude relates to the strength of QI. As shown in Figure 2.12, Q is positive 

if the major axis of the ellipse charge model tends to align with the magnetic field, and Q would 

be negative in the other way. For 17O, Q acquires a value of −0.02558e × 10-24 cm2, where e is the 

elementary charge.  

 

Figure 2.12. (a) Nuclear charge distribution for 𝐼𝐼 = 1/2 and 𝐼𝐼 > 1/2 nuclei. (b) Nuclear charge 
distribution orientation in the magnetic field and the related quadrupole moments. 
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The strength of the EFG depends on the chemical environment around the nucleus, such as 

the symmetry of the molecule and the chemical bonding. The nuclear quadrupole moment interacts 

with the EFG in the magnetic field, causing quadrupole coupling effect. Similar as CSA, the EFG 

is represented by a 3-rank tensor in PAS, which can be written as: 

V�PAS = �
V𝑒𝑒𝑒𝑒 0     0
0
0

Vyy 0
    0    Vzz

�     (18) 

It is essential to mention that the EFG tensor is always traceless. Therefore, the quadrupolar 

coupling (QC) effect averages to zero in solutions. The three principal components obey the 

following order: 

|Vzz| ≥ �Vyy� ≥ |Vxx|     (19) 

The nuclear quadrupole coupling tensor is defined based on the EFG principal components as well 

as the quadrupole moment. The strength of QI is usually identified using the quadrupole coupling 

constant, which is 

𝐶𝐶Q = eQVzz
h

      (20) 

The asymmetry parameter is also used to describe the QC tensor, which is 

𝜂𝜂Q = Vyy−Vxx
Vzz

      (21) 

where 0 ≤ 𝜂𝜂Q ≤ 1. For 17O SSNMR spectra, the lineshape and the line width is highly dependent 

on the QI parameters. Figure 2.13 displays the typical quadrupolar lineshapes as a function of 

different 𝐶𝐶Q and 𝜂𝜂Q values. 
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Figure 2.13. Simulated 17O quadrupolar lineshapes with various 𝐶𝐶𝑄𝑄 and 𝜂𝜂𝑄𝑄 values. 

 

The quadrupolar perturbations for 17O Zeeman energy levels are shown in Figure 2.14. 

Notably, the 𝑚𝑚 = −1/2 ↔ 𝑚𝑚 = 1/2 is named as central transition (CT). All the other transitions 

on the side are called satellite transition (ST). As illustrated in the figure, the first-order 

quadrupolar perturbation has no effect on the CT. The reason is that the first-order quadrupolar 

effect on the spin energy level is dependent on the 𝑚𝑚2,99 so it remains unchanged from 𝑚𝑚 =

−1/2 to 𝑚𝑚 = 1/2. The Hamiltonian of the quadrupolar interaction is written as the sum of the 

first and second quadrupolar interactions:166,167 

ℋQ = ℋQ
(1) + ℋQ

(2)      (22) 

The first-order perturbation term to the energy levels is given as: 
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𝐸𝐸𝑚𝑚
(1) = 𝐶𝐶𝑄𝑄

4𝐼𝐼(2𝐼𝐼−1) (𝐼𝐼(𝐼𝐼 + 1) − 3𝑚𝑚2) �1
2

(3cos2θ − 1) − 𝜂𝜂𝑄𝑄sin2θcos 2φ�  (23) 

Here, θ and φ represent the polar coordinates components of Bo in the PAS of the EFG tensor. 

Along with it, the second-order quadrupolar perturbation is: 

𝐸𝐸𝑚𝑚
(2) = −

𝐶𝐶𝑄𝑄
2𝑚𝑚

4𝐼𝐼(2𝐼𝐼−1)𝜔𝜔0
− 1

5
(𝐼𝐼(𝐼𝐼 + 1) − 3𝑚𝑚2)�3 + 𝜂𝜂𝑄𝑄2� + 1

28
(8𝐼𝐼(𝐼𝐼 + 1) − 12𝑚𝑚2 −

3)[�𝜂𝜂𝑄𝑄2 − 3�(3cos2θ − 1) + 6𝜂𝜂𝑄𝑄sin2θcos 2φ + 1
8

(18𝐼𝐼(𝐼𝐼 + 1) − 34𝑚𝑚2 − 5)[ 1
140

(18 +

𝜂𝜂2)(35cos4θ − 30cos2θ + 3) + 3
7
𝜂𝜂𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(7cos2θ − 1)cos 2φ + 1

4
𝜂𝜂𝑄𝑄2sin4θcos 4φ      (24) 

 

 

Figure 2.14. 1st and 2nd order quadrupolar perturbations for 17O spin energy levels. 

 

As seen from the equations, the first and second-order perturbations are proportional to 𝐶𝐶𝑄𝑄 

and 𝐶𝐶𝑄𝑄2/𝜈𝜈𝑜𝑜 respectively. Therefore, the second-order perturbation is highly dependent on the field 

strength. For the nuclei that do not possess strong QC effect, the second-order perturbation is 
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negligible. However, 17O spins acquire large quadrupole moment that the second-order 

perturbation contributes substantially to the 17O NMR signal. Since the QI of 17O is often very 

large, it is not possible to record all NMR transitions in a single FT-NMR spectrum. In addition, 

the ST signal is weak compared to CT, and its lineshapes experience severe broadening. As a 

consequence, the majority of 17O NMR studies focus on detection of CT signals. As mentioned, 

the CT is not affected by the first-order QI, but the effect from the second-order term is significant. 

Therefore, performing 17O SSNMR experiments under high magnetic fields helps reduce the 

second-order QI broadening.  

 

2.2.3 Magic Angle Spinning 

 For stationary solid samples, the NMR signal is consistently broadened by various types 

of SSNMR effects. Even for 1H, a static NMR spectrum can consist of broad peaks (for example, 

the well-known Pake pattern72) due to the presence of large dipolar interactions. Therefore, special 

techniques have to be used to remove the line broadening effects in order to obtain narrow line 

widths like those seen in solution-state NMR spectra. It was discovered that such expectation could 

be met if the solid sample is spinning at a fixed angle. Note that for a heteronuclear pair of spins 

AX, the influence from the dipolar interaction is expressed as following: 

𝜈𝜈 = 𝜈𝜈𝐴𝐴 ± 1
2

R(3cos2θ − 1)     (25) 

Here, R is known as the dipolar coupling constant which is defined as: 

R = μ0ℏ
8𝜋𝜋2

r−3𝛾𝛾𝐴𝐴𝛾𝛾𝑋𝑋     (26) 
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where r is the internuclear distance between the two magnetic dipoles. Combining Equation 17 

and Equation 23, it could be noticed that the geometry factor (3cos2θ − 1) appears in the dipolar 

coupling, CSA and first-order QI effects. Therefore, efforts were spent to eliminate the anisotropic 

SSNMR effects from averaging this factor, which is mathematically represented as: 

〈3cos2θ − 1〉 = 1
2
〈3cos2β − 1〉〈3cos2χ − 1〉   (27) 

As shown in Figure 2.15, the spinning sample is placed in the applied filed, with an angle of β 

between the rotation axis and B0. r⃗ represents the internuclear vector, and it makes an angle of χ 

with the rotation axis. To eliminate 〈3cos2θ − 1〉, the sample is chosen to sit at β = 54.7°. In this 

case, 〈3cos2β − 1〉 is zero, and 〈3cos2θ − 1〉 is consequently zero regardless of r⃗ or χ. Therefore, 

the angle of 54.7° is called the magic angle. The technique of spinning the sample at 54.7° is known 

as magic angle spinning (MAS).89,90  

 

Figure 2.15. Graphical representation of a spinning solid sample tube. 

 

 In principle, the dipolar interaction and CSA could be averaged out by MAS. For 

quadrupolar interactions, the first-order QC effect could be eliminated. However, the second-order 

QC effect is only partially reduced. To fully average the anisotropic interactions, the sample is 

supposed to be spun at a rate that is comparable or greater than the extent of the interactions. An 
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example is shown in Figure 2.16 where 1H spectra obtained with various spinning rates are 

displayed.168 It is clear that the dipolar broadening effects are significantly reduced at high sample 

spinning rates. 

 

 

 

 

 

 

 

 

Figure 2.16. MAS frequency dependence of 1H NMR spectra in L-alanine. (Figure reproduced 
from Ref.163) 

 

 As mentioned before, 17O nuclei frequently experience large QI and CSA effects (e.g., 

several MHz) in solids. Even with modern spectrometers, it is difficult for the MAS probe to 

achieve the high spinning rate in order to fully eliminate the anisotropic effects. As a consequence, 

there always exist what are known as the spinning sidebands in 17O MAS spectra. In addition, 

MAS could only average out the first-order QI provided the spinning rate is high enough. However, 

the detected CT signal is not affected by the first-order QI, and the broadening from second-order 

QI is only partially averaged by MAS. Therefore, although MAS could assist in narrowing 17O 

SSNMR signals, the improvement is still limited. Moreover, the narrowing effect in the second-
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order QI does not necessarily rely on the magic angle of 54.7°. Under this circumstance, spinning 

the sample at various rotation axes would produce different 17O NMR lineshapes, as illustrated in 

Figure 2.17.167 Sometimes this method is used to identify QI tensor orientations.169 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.17. Theoretical second-order quadrupolar CT lineshape dependence on the MAS rotation 
angle (𝜂𝜂𝑄𝑄 = 0, A = −𝜔𝜔𝑄𝑄

2 /𝜈𝜈0 × [𝐼𝐼(𝐼𝐼 + 1) −3/4]). (Figure is reproduced from Ref.162) 
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2.3 Chemical Exchange in NMR 

2.3.1 Two-Site Exchange Phenomenon 

 The molecular motion of individual functional groups under study in this thesis are 

alternatively referred to as “reorientational motions”, “site exchange”, “2-fold/3-fold 

jumps/hopping”, etc. The phenomenon is generally named as chemical exchange in the spin system. 

In a simple case, if two spins A and B undergo chemical exchange with 𝑘𝑘ex rates of 𝑘𝑘A and 𝑘𝑘B 

respectively, where 

𝑘𝑘ex = 1
τex

      (28) 

The time evolution of the spin longitudinal magnetization under chemical exchange is described 

by the empirical Bloch-McConnell equations:15 

dMz
A

dt
= −Mz

A−Mz,0
A

T1A
− Mz

A

τA
+ Mz

B

τB
     (29) 

and 

dMz
B

dt
= −Mz

B−Mz,0
B

T1B
− Mz

B

τB
+ Mz

A

τA
     (30) 

In the more compact matrix form, the above equations take the following form: 

d
dt
�Mz

A

Mz
B� = −� αA −1 τB⁄

−1 τA⁄ αB
� �

Mz
A − Mz,0

A

Mz
B − Mz,0

B �   (31) 

with 

αA = 1
T1A

+ 1
τA

  & αB = 1
T1B

+ 1
τB

    (32) 

In the slow exchange limit, τA and τB are short enough to meet the condition: 
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τA−1 + τB−1 ≪ T1A−1 + T1B−1     (33) 

Hence, under the slow exchange condition αA ≈ T1A−1  and αB ≈ T1B−1 . Similarly, the modified 

Bloch equations under chemical exchange for transverse magnetization could be obtained as: 

dMx
A

dt
= − 1

T2A
Mx
A + cos(ωAt)My

A − 𝑘𝑘AMx
A + 𝑘𝑘BMx

B   (34) 

and 

dMy
A

dt
= − 1

T2A
My
A − sin(ωAt)My

A − 𝑘𝑘AMx
A + 𝑘𝑘BMx

B   (35) 

If the notation of Mxy = Mx + iMy, both Equation 34 and 35 are in the form of: 

dMxy
A

dt
= −�iωA + 1 T2A⁄ �Mxy

A − 𝑘𝑘AMxy
A + 𝑘𝑘BMxy

B    (36) 

dMxy
B

dt
= −(iωB + 1 T2B⁄ )Mxy

B − 𝑘𝑘BMxy
B + 𝑘𝑘AMxy

A    (37) 

In the matrix form, the magnetization vector is further written as: 

dM���⃗ xy
dt

= LM���⃗ xy      (38) 

where L = −Ω + k, and 

Ω = �iωA + 1 T2A⁄ 0
0 iωB + 1 T2B⁄

�    (39) 

k = �−𝑘𝑘A 𝑘𝑘B
𝑘𝑘A −𝑘𝑘B

�     (40) 

In this way, the solution is simply: 

M���⃗ xy(t) = eLtM���⃗ xy(0)     (41) 
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For a two-spin system, the exchange rate in the slow-motion region is generally far less than the 

frequency difference between the two sites that |ωA − ωB| ≫ 𝑘𝑘A, 𝑘𝑘B, Equation 36 reduces to: 

dMxy
A

dt
= −�iωA + 1 T2A⁄ �Mxy

A     (42) 

As 𝑘𝑘A increases and is not negligible, the transverse relaxation time becomes: 

1 T2A⁄ = 1 T2int
A + 𝑘𝑘A⁄      (43) 

 where T2int
A  is the intrinsic relaxation time of the nucleus. Therefore, as the exchange rate 

approaches the intermediate regime, the line width is comparable to the frequency difference, and 

line broadening is introduced to the NMR peaks. In the fast exchange limit, the large exchange 

rates acquire the condition that |ωA − ωB| ≪ kA, kB. In this case, the jump motions between the 

two sites are very fast, the line width narrows down. If two separate peaks were shown in the slow-

motion regime, they would reduce to a single, sharp peak at this stage. The transverse relaxation 

time is then: 

1 T2A⁄ = 1 T2int + π2 Δν2

𝑘𝑘A+𝑘𝑘B
�      (44) 

In this thesis, intramolecular chemical exchange is investigated. The equivalent 17O atom sites 

within a functional group are assumed to undergo interchange with the same exchange rates. 

Moreover, the exchanging 17O sties have the same populations. Therefore, the chemical exchange 

produces homogeneous effects for the atoms in the same group.  
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2.3.2 Kinetic Information 

 Molecular motion in a chemical compound depends on the physical and chemical 

conditions in the system. In the simplest case, motional rates could be influenced by changing the 

temperatures. According to the Eyring–Polanyi equation, the reaction rates against the temperature 

is in the form of: 

k = 𝜅𝜅𝑘𝑘BT
h

e−
−ΔGǂ

RT      (45) 

Here, Δ ǂ is the Gibbs energy of activation, which is a sum of the change in entropy (ΔSǂ) and 

enthalpy (ΔHǂ) of the system. κ is transmission coefficient. For rotational motions of a chemical 

functional group, the jumps among the atom sites are intramolecular. In addition, no 

conformational change occurs during the process. Therefore, the entropy change is negligible. 

Under this circumstance, the function of exchange rates under study is reduced to the Arrhenius 

equation, which is 

𝑘𝑘ex = Ae−
𝛥𝛥𝑠𝑠
RT      (46) 

The activation energy, 𝐸𝐸𝑎𝑎, is the rotational energy barrier for the molecular motion. R is the gas 

constant, 8.3145 J/(mol ∙ K). A is a constant. Based on the Arrhenius equation, a linear regression 

analysis generated from a plot of ln(𝐾𝐾) against the reciprocal temperature (1/T) would produce 

the rotational barrier 𝐸𝐸a. 

 To obtain the temperature dependence of exchange rates, variable temperature (VT) NMR 

experiments are often performed. In the conventional way, 𝐸𝐸a is obtained from the temperature 

dependent spin-lattice relaxation times. By T1 measurements, the correlation time τc (1/𝑘𝑘ex) for 

the motion of 17O atoms in solids could be extracted from the empirical equation:170 
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1
T1

= 3
625

𝐶𝐶Q2 �1 + 𝜂𝜂Q2

3
� � aτc

1+ω0
2τC

2 + 4bτc
1+4ω0

2τC
2�    (47) 

The equation above is specific to spins with 𝐼𝐼 = 5/2, with constants a and b reflect the condition 

of the system. At the fast exchange rates, an assumption of a = b = 1 can be usesd. Based on the 

mathematical relation, a minimum of T1 appears in the VT curve when the exchange rate is on the 

same order of the resonance frequency (𝜔𝜔𝑜𝑜τc ≃ 1), as mentioned earlier in Section 1.1.2. 𝐸𝐸𝑎𝑎 can 

be estimated from the calculated correlation times.  

 As seen from Equation 43 and 44, the transverse relaxation time (T2) is also dependent on 

the exchange rates. As explained earlier, T2 could be estimated from the measurements of spectral 

line widths or time evolution of echo intensities. For 17O NMR, CT signals are mostly detected in 

the spectra. Since the CT of 17O nucleus is not affected by the first-order QI, the exchange effect 

in T2 only occurs in a narrow temperature range, and the variations in T2 are limited. Therefore, it 

may not be appropriate to determine 𝐸𝐸a via the T2 function from CT signals for some compounds. 

However, the method could be modified to detect the ST signal instead. Comparing with CT, the 

frequency fluctuations and QI effect in ST are significant. It experiences stronger effects from 

chemical exchange, allowing the investigation of T2 variations in a broader temperature range, 

especially in the slow-intermediate exchange regime. Based on Equation 43 and 44, the transverse 

relaxation rates (R2) are separated into two parts, and they can be fit with the individual functions. 

If the scale of intrinsic relaxation is not comparable to the exchange contribution, the logarithm 

plot of R2 values before the coalescence temperature versus 1/T would yield the 𝐸𝐸a  values, 

according to Equation 43. 
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2.3.3 Numerical Simulations of Quadrupolar Lineshapes 

 A more generally applied method to examine the energy barrier is the quadrupolar CT 

lineshape approach. The 17O SSNMR spectra are obtained at high magnetic fields at VT. This 

method could cover a broad range of 𝑘𝑘𝑒𝑒𝑒𝑒, from the slow-motion region to the fast exchange limit, 

which is advantageous comparing to the relaxation time approach. CT lineshapes reproduced by 

simulations are matched with the experimental spectra, in order to identify the specific 𝑘𝑘ex for 

each temperature. Moreover, SSNMR tensor parameters could be obtained by interpretation and 

simulation of the lineshapes. In this way, both 𝐸𝐸a and local structure information are inferred from 

the superior lineshape study.  

 In principle, the 17O NMR lineshape without any dynamic effect recorded from the 

stationary sample is from the interacting QC and CSA tensors. As 𝑘𝑘ex increases, the lineshape is 

also dependent on the local geometry, which is defined by the relative orientation between the 

tensor and the molecular frame (MF). When 𝑘𝑘ex approaches the intermediate rates, the lineshape 

experience some broadening effect, according to Equation 43. A transition of lineshape could be 

observed when 𝑘𝑘ex is similar to the frequency shifts among the 17O atoms sites, which is related 

to the coalescence temperature. When the fast-exchange limit is reached, the spectrum displays a 

narrower, averaged lineshape. The propagation of 17O quadrupolar static lineshapes as a function 

of exchange rates is shown in Figure 2.18. As seen from Figure 2.18, some features from the 

stationary oxygen atom sites disappear as 𝑘𝑘𝑒𝑒𝑒𝑒 grows, such as the singularities and the shoulders 

on the side. After the transition in the lineshape, the peak narrows down. The spectra would not 

show any obvious change if the exchange rate further increases in this region. 
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Figure 2.18. Simulated static 17O quadrupolar lineshapes at various 𝑘𝑘𝑒𝑒𝑒𝑒 for a two-site exchange 
model. The spectra are simulated using coincidence QC and CSA tensor, with tensor parameters 
of 𝐶𝐶𝑄𝑄1 = 4MHz , 𝐶𝐶𝑄𝑄2 = 6MHz , 𝜂𝜂𝑄𝑄1 = 𝜂𝜂𝑄𝑄2 = 0 , δiso1 = 50 ppm , δiso2 = −50 ppm , Δδ1 = Δδ2 =
150 ppm and  𝜂𝜂1 = 𝜂𝜂2 = 1. The tensors orientations coincide with the MF. 

 

An analysis of the MAS spectrum would allow the determination of the QC parameters, 

assuming the spinning speed is fast enough. When the exchange is slow, one can also use 2D 

EXSY to obtain tensor components.140 The rest of the tensor parameters as well as tensor 

orientations could be estimated from the change in static or MAS lineshapes, with the aid of 
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quantum chemical calculations. To fully define the tensors in solids, the tensor orientations are 

needed. Euler angles are used to describe the tensor orientation with respect to a fixed coordinate 

system.171 In this thesis, the reported Euler angles are following the Rose convention.172 It is 

defined as three intrinsic rotations, which are described by α, β and γ. As illustrated in Figure 2.19, 

the first rotation is about the z axis, followed by a second rotation about the new y axis, and finally 

a third rotation about the latest z axis. A coordinate system can be rotated to any orientation by the 

three angles. By definition, the three characteristic angles acquire the ranges of 0 ≤ α ≤ 360°, -

180° ≤ β ≤ 180°, 0 ≤ γ ≤ 360°. 

 

Figure 2.19. Illustration of Euler angles defining the relative orientations between two coordinates 
following the Rose convention. 
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2.4 Quantum Chemical Calculations 

 In order to generate theoretical predictions and to verify the experimental results, quantum 

chemical calculations could be an excellent assistance. The Kohn-Sham approach to density 

functional theory (DFT)173,174 has provided the most popular approach to calculate properties of 

chemical systems. In brief, it utilizes the one-electron orbitals to approximate the electron density 

in terms of representing the wave functions. To evaluate the minimized energy in the system, a 

DFT exchange-correlation (XC) functional should be chosen. Exchange refers to the Pauli 

repulsion effect of the electrons, and correlation is related to the Coulombic repulsion among 

electrons. 

Another important selection in a quantum chemical calculation is the level of basis set. The 

basis set provides a set of atomic orbitals (AO) for each atom. A linear combination of the AOs is 

used to evaluate the molecular orbitals. The level of basis set is determined by the number of basis 

functions used for each AO. For a minimum basis set, one AO is described by only one basis 

function. If one AO contains two basis functions in a basis set, it is called a double zeta basis set. 

Similarly, basis sets utilizing three and four basis functions for AOs are triple and quadruple zeta. 

In addition, it is not realistic to assume static AOs in the molecules. The shifts and mixing of AOs 

in the chemical model are characterized with added polarization functions in the basis set. 

To improve the precision of the calculation, a proper basis set should be chosen. In 

principle, basis sets of higher levels would yield higher accuracy. However, larger basis sets result 

in more computationally intensive calculations. Moreover, the improvements are limited for light 

atoms. Therefore, a moderate level of basis set is preferable for most organic systems. 
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2.4.1 Potential Energy Surface 

 The potential energy surface (PES) is the fundamental concept in exploring energies for 

molecular geometries and chemical reactions. For a molecule with N atoms, there exists 3N 

coordinates on the PES. For non-linear molecules, a total of 3N-6 structural conformations are 

related to the coordinate points. In theoretical calculations, it is essential to compute the energies 

and locate the structures on the PES to examine the dynamics in the molecule. On PES, the 

minimum energy points represent ground states of the molecule, as illustrated in Figure 2.20.175 

By performing geometry optimizations, the computational programs search for a local minimum 

on the PES. For a chemical reaction, the reactant and product locate at local minimums on PES, 

and the pathway connecting the two points with the lowest potential energy barrier is named as the 

minimum energy pathway (MEP). The intermediate structures on the MEP are known as the 

reaction coordinate. In this way, the potential energy versus the reaction coordinate reduces to a 

two-dimensional energy graph, as shown in Figure 2.20. On the graph, the transition state (TS) 

corresponds to the highest energy point along the reaction coordinate. The energy difference 

between the reactant and the TS is the activation energy (𝐸𝐸a), which is the potential energy barrier 

for the reaction to propagate. The TS on the PES is located on the first-order saddle point. It is a 

maximum energy point along the reaction coordinate, whereas on all other pathways it is a 

minimum, as shown in Figure 2.20. 
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Figure 2.20. (a) Schematic graph of potential energy surface with critical points displayed. (b) A 
potential energy graph showing the minimum energy pathway along the reaction coordinate. 
(Figures are reproduced from Ref.170) 

 

 If the reaction coordinate is initially given, the MEP can be computationally determined on 

the PES. This type of calculation is generally termed as a PES scan. During this process, a 

constrained geometry optimization is performed at each point along the coordinate. For the first-
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order saddle point, the vibrational modes contain one imaginary frequency, which is produced as 

a negative eigenvalue in the Hessian matrix. This feature allows the TS determination by the 

computational program. The MEP is then constructed by the optimized structures as well as the 

additional TS along the reaction coordinate. 

 

2.4.2 The Density Functional Theory (DFT) Computational Suite 

 In this thesis, all quantum chemical calculations are performed with the Amsterdam 

Modeling Suite products.176 Particularly, Amsterdam Density Functional (ADF)177,178 is designed 

for calculation of molecular models in the gas phase or in solutions. The program BAND179,180 is 

specialized in DFT calculations for periodic systems, such as polymers, slabs and crystals. 

Density-Functional based Tight-Binding (DFTB)181,182 serves as a fast approximation of the 

conventional DFT method. DFTB can significantly reduce the computational cost for dealing with 

large chemical systems. The latest versions of all these programs are driven by the AMS engine.176 

The utilized software package is licensed with Compute Canada. All calculation jobs were run on 

the heterogenous Graham cluster located at the University of Waterloo. The cluster runs a total of 

41548 cores and 520 GPU devices, which spreads across 1185 nodes of different types. 

 For the solid samples under study, it is critical to visualize the real model in the crystal 

frame and to initialize the tensor parameters. BAND is responsible for the major part of 

calculations for periodic compound models. Generally, the crystallographic information file (CIF) 

of a specific compound is obtained from the literature sources. The CIF file is then processed and 

converted to the input model for BAND. It is necessary to optimize the geometry183 from the CIF 

file, especially for the X-ray diffraction structures where the proton positions are still to be 
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determined. The QC tensor components are calculated in the EFG tensor output using the 

optimized structure. A sample output of EFG calculation is shown in Figure 2.21. The principal 

components and axes of the PAS are all conveniently listed. However, the display order of these 

values may not follow the definition in Equation 14. It is crucial to re-organize the output values 

to obtain the fully defined EFG tensor. The unit principal axes are shown as column vectors in the 

output, as shown by the rectangle in Figure 2.21. 

 

Figure 2.21. Sample output file from BAND EFG calculations. 

 

 For simple crystal models, the NMR shielding tensor is also calculated by BAND.184,185 

However, for complex models, the NMR calculation requires large amount of resources, including 

the calculation time and memory space. Due to the limitation of the requested resource, high-cost 

BAND NMR calculation were not able to be performed with the periodic crystal model. Instead, 
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a cluster model is built by a number of compound molecules based on the crystal structure, and 

then computed with ADF.186 An example of NMR shielding tensor results is shown in Figure 2.22. 

As mentioned in Section 2.2.1, the shielding constant should be scaled by a unique reference, 

which is called absolute shielding constant (σabs), according to the nuclear type. For 17O, a σabs 

of 287.5 ppm is used.187 Therefore, the chemical shift values are calculated using the following 

relation: 

δ(17O) = σabs − σ     (48) 

The NMR output section in BAND calculations is similar to the format of those in ADF. It is worth 

to mention that, the EFG calculation of BAND produces exact same result for the equivalent atoms 

(by space group symmetry) in the unit cell. However, for BAND NMR calculations, it frequently 

generates completely different results for equivalent atoms.129 In this case, the result of the atom 

closer to the unit cell center is usually the most reasonable, but the fact is not conclusive. In 

accordance with the statement on the BAND manual,179 the NMR feature is not thoroughly tested. 

Therefore, the usage of BAND in NMR calculations is still limited. 

The Euler angles for spectral simulations are figured out with the aid of visualization 

software, such as Chemcraft188 licensed by our group. Based on the output principal axes vectors, 

two critical sets of Euler angles are determined. The relative orientation of EFG and CSA tensors 

characterizes the 17O lineshape under slow exchange motions. The molecular frame (MF) is self-

defined based on the geometry of the chemical group, which is usually related to the symmetry 

condition. The orientations between MF and the tensors affect the lineshape under exchange. 

Notably, the MF is a relative concept. It is only meaningful if the relative orientations between the 

MF and each 17O atom site are given. Therefore, the MF could also be defined randomly. 
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Figure 2.22. Sample output file from ADF NMR shielding calculations. 

 

2.5 The Spectral Simulation Program 

 The solid-state 17O VT powder lineshapes are simulated with external programs. Most of 

the simulations were performed with Express 3.0.189 It is a user friendly GUI program written by 

Dr. Robert L. Vold (Department of Applied Science, The College of William and Mary, 

Williamsburg, VA 23187-8795, USA), which is launched by MATLAB (academic license by 

Queen’s University). The first interface when the program is launched is shown in Figure 2.23. To 

properly simulate a spectrum, setups are needed for the “spectrometer”, “dynamic model” and 

“powder average”. Other options are beyond the scope of this thesis. 
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Figure 2.23. The welcome interface of Express 3.0 in MATLAB. 

 

 A sample of the “spectrometer” setup window is shown in Figure 2.24. The “Nucleus” list 

allows the setup for 17O. “Bzero” is the desired strength of the applied magnetic field, B0. After 

the nucleus type and B0 are set, the Larmor frequency is automatically calculated. The dwell time 

and the “Spectral window” are two related parameters. The dwell time (DW) is a widely known 

acquisition parameter in NMR experiments, which is the time interval for the acquisition of 

digitized FID signal. The “Spectral window” is generally defined as spectral width (SWH) in the 

NMR spectrum acquisition. The following parameter, “Points in FID”, defines the FID size. It is 

the number of points that construct the FID signal. This parameter is usually denoted as TD. It 

relates to the spectral width (in Hz) in the following way: 

AQ =  TD
2SWH

       (49) 

Here, AQ is the acquisition time during which the FID is recorded. It also relates the TD and DW 

in a way such that: 

TD = AQ
DW

      (50) 
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Combining the two equations above, it is clear that SWH and DW are inversely proportional to 

each other. Therefore, for the broad 17O static powder spectra, a small DW can be used to enlarge 

the spectral window. The “P1-P2 pulse spacing” is the echo delay (τ) in the spin-echo pulse 

sequence. It was discovered that different echo delays and “Probe band width” setups have no 

effect on the spectral lineshape. The list on the right of the window allows selection of the 

simulation type. For 17O simulations, the static CT spectrum and the MAS spectrum could be 

selected. If a different nucleus is chosen, other selections may appear.  

 

Figure 2.24. A sample of the “spectrometer” setup window in Express 3.0. 
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 The “dynamic model” is the key setup window for the chemical exchange process. As 

shown in Figure 2.25, this window includes the exchange model and tensor parameters. At the top 

center, the “Current frame” indicates that more than one exchange framework could be define. For 

example, for the molecule model in Figure 1.1 from Section 1.1.1, the protons in the methyl groups 

would undergo the 3-fold jump rotations in solids. In addition, as illustrated in the figure, the two 

methyl groups also exchange with other. To completely reproduce the 1H exchange spectra, two 

frames should be defined. For the molecular dynamics under study in this thesis, only one frame 

is needed. In the middle part, the “Populations” window allows the setup of relative populations 

for the atom sites. In our studies, the populations of 17O atoms in the motional chemical group are 

always assumed to be identical. The items below define the components for the QC and CSA 

tensors, following the conventions explained in Sections 2.2.1 and 2.2.2. The incomplete 

parameter names in the figure due to some unknown reason from the top to the bottom should be 

𝐶𝐶Q, 𝜂𝜂Q, δiso, Δδ and η based on the definitions in this thesis. In terms of the Euler angles, the Rose 

convention172 is followed as explained in Section 2.3.3. The lower set of angles characterize the 

relative orientation between the EFG and CSA tensors. In the literature work describing the 

program,189 it was mentioned that this Euler angles set rotates the CSA tensor into coincidence 

with the EFG tensor. Similarly, for the “EFG orientations in current”, the angles rotate the EFG 

tensor to coincide with the MF. However, it is essential to mention that, in the current version of 

Express, the principal axes of the CSA tensor are mis-defined. It was discovered that the axes 

defined for δxx and δyy are switched in the program code. As a result, the α Euler angle for CSA 

is off by 90°. Therefore, a 90° is added to the determined α in our simulations. An excellent feature 

is the “Display angles” on the right. It will illustrate the orientations of the EFG tensors in the MF. 

For example, the EFG axes defined by the angles in Figure 2.25 with respect to the MF is displayed 
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in Figure 2.26. The red lines represent the Vzz axes, and the black and blue lines are the Vxx and 

Vyy axes respectively. As seen in the figure, each Vzz axis makes an angle of 45° with the MF z-

axis, as defined in the β window. Moreover, as indicated by the orientations of x-y axes, the two 

sites undergo 180° flipping motion. It is also indicated by the offset of the γ values. 

 

 

Figure 2.25. A sample of the “dynamic model” window in Express 3.0. 
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Figure 2.26. Visualization of the EFG Euler angles in the MF produced by the “Display angles” 
button from the parameters in Figure 2.25. 

 

In Figure 2.25, two different parameters are defined in each window. Therefore, a two-site 

exchange model is characterized. To add additional sites, another value can simply be added to 

each window separating by a space. In the list of the “Model” on the top right, some pre-defined 

motional models are included. However, the entries can still be edited manually. The last important 

input is the “Rate” on the right. It is the crucial parameter, exchange rate (𝑘𝑘ex) of the motion. It is 

also necessary to note that the 𝑘𝑘ex  value defined in this window is in the unit of rad/s. As a 

consequence, the rates reported in this thesis are manually converted to the standard unit (s-1). A 

critical but not conclusive point is that, the lineshapes produced with 𝑘𝑘ex values greater than 1×106 

rad/s for 17O NMR spectra are not reliable. This is the limitation of the second-order perturbation 

theory implemented in Express. 
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Back to Figure 2.23, the “powder average” button is self-explained. As is known, the 

powder sample of a pure compound consists of numerous microscopic crystals (also known as 

crystallites). Since the SSNMR signal is strongly dependent on the molecular orientation with 

respect to the direction of the external magnetic field, it is necessary to calculate signals from all 

possible crystallite orientations. Therefore, powder averaging is needed to sum up all signals from 

all crystallites. Simply put, this is implemented by incorporating a large number of crystallites in 

the integrals. A commonly used technique is the efficient ZCW method,190–193 as shown in Figure 

2.27. An increase in the number of tiles would improve the simulation quality, but also becomes 

more time consuming. 

 

Figure 2.27. A sample of the “powder averaging” window in Express 3.0. 

 

 Combining the setups in Figure 2.24, 2.25 and 2.27, the static CT 17O NMR simulated 

spectrum is produced by the “Run” button. As shown in Figure 2.28, the FID spectrum in time 

domain appears first. The “LB” stands for line broadening. It is a common technique in NMR 

processing to improve the S/N. Usually, the S/N at the “tail” of the FID is poor comparing with 

the beginning part. This is improved by multiplying another exponential function dependent on 

the defined LB. In this way, some of the noises cancel out and the S/N of the spectrum is higher. 
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As seen in Figure 2.28, the LB is set to 500. The FT spectrum is shown by choosing the “FT” to 

display the static CT 17O NMR in the frequency (ppm) domain. The file could be saved via the 

interface in Figure 2.28, allowing the user to process the raw data set. 
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Figure 2.28. The window displaying the simulated 17O NMR spectra. 
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Chapter 3 Probing Nitrite Ion Dynamics in Crystalline NaNO2 

3.1 Introduction 

Sodium nitrite, NaNO2, is a well-known simple ionic substance. Its crystal structure at 

room temperature was first examined in 1930s.194 Subsequent X-ray and neutron diffraction 

studies revealed that NaNO2 can exist in different phases.195–199 Below 436 K, the crystal structure 

is established to be orthorhombic (space group 1m2m). The nitrite anions, NO2ˉ, are organized 

along the crystallographic b-axis, as illustrated in Figure 3.1. NO2ˉ lies in the b-c plane with its 2-

fold axis align with the b-axis. The arrangement of the NO2ˉ groups in the crystal makes the 

structure polarized, thus introduces ferroelectricity to the compound. Above the phase transition 

Curie temperature 436 K, the compound becomes paraelectric.200 The NO2ˉ anions are randomly 

orientated along the b or -b axis which averages out the dipole moments on the NO2ˉ sites. As 

demonstrated by the structure determinations as well as 14N nuclear quadrupole resonance (NQR) 

studies,201,202 the phase transition phenomenon is triggered by the reorienting motion of NO2ˉ about 

the c-axis. As a consequence, the 2-fold rotation of NO2ˉ about the c-axis was extensively 

examined by various methods, including solid-state 23Na and 15N NMR experiments,203–205 and 

theoretical MD simulations.206,207 However, the NO2ˉ ion is also known to rotate about the b-axis, 

as a consequence of reorientation of the two oxygen sites. Since the 2-fold rotation about the b-

axis would not introduce any difference in electron density or nuclear structures, inspections on 

Na and N sites are not useful to study this motion. In terms of solid-state NMR approach, the tensor 

parameters or relaxation times of 23Na and 14N/15N are invariant of the rotation of NO2ˉ. The only 

possibility left is to utilize 17O NMR as a direct probe to learn about this motion. The orientation 

of 17O tensors would change with the reorienting of oxygen atoms, causing the variations in NMR 

lineshapes. Moreover, the change in motion rates would result in variations in relaxation times, as 
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mentioned in Section 2.3.1. In addition, the 𝐸𝐸𝑎𝑎 of the 2-fold NO2ˉ flipping contains information of 

the ionic bonds in the crystal. In this chapter, solid-state 17O NMR experiments and computational 

analysis were performed to study the NO2ˉ flipping motion in [17O]NaNO2. Combining with the 

previous work on NaNO3,140 more insights will be obtained into the nature of the bonding in this 

substance. 

 

 

Figure 3.1. Crystal packing in NaNO2 viewed along the a axis. The open circles are atoms on the 
projected b-c plane, and the closed circles are those at ± (a/2). 

 

3.2 Experimental and Computational Details 

3.2.1 Sample Preparation and 17O NMR Experiment Setups 

[17O]NaNO2 was prepared in the following scheme. 210 mg NaNO2 was dissolved in 0.3 

mL 40% 17O enriched H2O, followed by addition of a few grains of Amberlite IR120 (acidic form). 

The solution was left at room temperature for 1 hour. 5 mL acetone was then added to the solution 

to produce precipitates. The white solids were collected, washed with acetone (3 × 5 mL), and 
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dried under vacuum which yielded 140 mg [17O]NaNO2. The 17O enrichment level in the sample 

was determined to be around 30% by solution 17O NMR. 

 1D Static solid-state VT 17O NMR spectra were obtained at four different magnetic fields. 

The spectra recorded at 11.7 T, 14.1 T and 16.4 T were performed on Bruker NEO-500, Avance-

600 and NEO-700 spectrometers. The spin-echo pulse was used to acquire the spectra. The 90° 

pulse widths and 17O chemical shift references were measured from a liquid H2O sample for 17O 

nuclei. For half-integer quadrupolar nuclei in SSNMR, the effective 90° pulse width for CT signal 

is (𝐼𝐼 + 1/2) times shorter if the RF pulse frequency is much smaller than the QI strength, as 

demonstrated in the literature works.208,209 For 17O (𝐼𝐼 = 5/2), the 90° pulse for a solid sample 

should be 1/3 of that in the H2O. The 90° pulse widths measured from H2O were in the range of 

13.5–15.0 μs for the three spectrometers, at the suggested power levels. Therefore, the 90° pulse 

used for [17O]NaNO2 was around 4.5–5.0 μs. The spin-echo delay (d6) was set to 10–80 μs 

accordingly. The 17O NMR spectra at 21.1 T were acquired at the NHMFL (Tallahassee, Florida, 

USA) using a Bruker Avance-III console. The 90° pulse for CT was 2.0 μs, and the set echo delay 

was either 10 μs or 20 μs. The MAS spectrum was obtained at 21.1 T using a home-built 3.2mm 

MAS probe. The static 2D EXSY spectra were also obtained at 21.1 T, with 48 complex t1 

increments. A mixing time of 1 ms was used at 250 K. The data at 21.1 T were collected by Dr. 

Ivan Hung and Zhehong Gan at the NHMFL. 

 As for the VT experiments, temperatures were read off the internal display panel in 

TopSpin. For the Bruker NEO-500 spectrometer, the temperatures below 25℃ were reached using 

an external liquid nitrogen cooling system. Due to the low stability of the nitrogen gas flow rate, 

the temperature had a variation of ± 2℃. On Bruker NEO-700, the low temperatures were 

controlled by a Bruker BCU-II cooling system. In order to obtain accurate temperatures, 
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calibration experiments were performed. For 11.7, 14.1, and 16.4 T, actual sample temperatures 

were determined from 1H signal positions in NMR spectra. Methanol was used for display 

temperatures below 298 K, and ethylene glycol was used for temperatures above 298 K.210 The 

calibration results are shown in Figure 3.2. For 21.1 T, 207Pb NMR of PbNO3 was employed.211 

The final temperatures used were calculated from the display temperature using the best-fit 

function based on the measurements.  

17O transverse relaxation times (T2) were measured using CPMG and spin-echo pulse 

sequences at 11.7 T and 16.4 T. CPMG spectra obtained at 11.7 T were recorded with an 

acquisition time over 0.01 s. The VT spectra were recorded with d6 varying from 40 μs to 200 μs 

at each temperature. At 16.4 T, the VT CPMG spectra were recorded with a d6 of 100 μs. Spin-

echo pulse sequence was also utilized to measure T2 at 16.4 T. The echo intensities were recorded 

from individual measurements with various d6 increments at each temperature. The d6 lengths 

were determined accordingly based on the decay rate. The CT and ST measurements were 

differentiated by setting the transmitter frequency offset (center of the spectrum frequency window, 

O1p) to 500 and 7000 ppm, respectively. The T2 values were calculated from the relative echo 

intensities in time domain. The intrinsic T2 values were determined from a [3,20-17O]progesterone 

sample. 
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Figure 3.2. Temperature calibration results obtained at (a) 11.7 T, (b) 14.1 T, and (c) 16.4 T shown 
as correlation between actual sample temperature and spectrometer display temperature. 
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3.2.2 Computational and Simulation Details 

 Quantum chemical calculations were performed with BAND 2017.180,212–215 17O magnetic 

shielding and EFG tensors for NaNO2 were calculated from the geometry optimized crystal 

structure.194 For all calculations, the TZ2P basis set was used. The GGA density functional with 

the Becke exchange plus the LYP correlation (BLYP) was chosen.216,217 The relativistic effect was 

added to the calculations with the type of ZORA.218,219 As for the periodic models, kspace and 

accuracy options in BAND program were both set to 3. The calculation results were processed and 

scaled based on the approach described in Section 2.4.2.  

 For 1D and 2D 17O NMR spectra at 11.7 T, 14.1 T and 21.1 T, the spectral simulations 

were produced with an in-house MATLAB code.140 The static NMR spectra at 16.4 T were 

simulated with Express 3.0.189 In Express program, the “two-site jumps” model was used. The zcw 

algorithm was used for powder averaging, and the number of tiles was set to 28657 by the program. 

The decaying echo intensities were processed using Origin 9 and MATLAB R2018. Error bars for 

the intensity points were estimated correspondingly. T2 values were calculated from the best-fit 

functions.  

Results and analysis for static and MAS spectra obtained at 11.7 T, 14.1 T and 21.1 T were 

previously published.220 VT 17O NMR spectra were recorded at 16.4 T for further support and 

comparisons. QCPMG spectra were recorded at 11.7 T, and spin-echo spectra displayed in time-

domain with various delays were recorded at 16.4 T. 
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3.3 Results and Discussions 

3.3.1 Analysis of VT 17O NMR Spectral Lineshapes 

 As explained earlier, an advantage of SSNMR is that the signal contains local structural 

information of the nuclear site from all directions. For 17O NMR, the lineshapes are typically the 

results from the nuclear interaction effects of 17O QC and CSA tensors. The spectra recorded at 

low temperatures where very little exchange effects exist are usually good starting points for 

spectral analysis. Figure 3.3. displays the 17O spectra of [17O]NaNO2 at the  lowest temperature 

obtained at each field. The MAS spectrum recorded at 21.1 T shows large chemical shift anisotropy, 

which is indicated from the significant spinning sidebands. The large central band also infers 

strong second-order QI. In order to determine SSNMR interaction tensor parameters, the MAS 

lineshape is generally analyzed first. Some key 17O tensor parameters could be reproduced from 

the simulation: 𝐶𝐶Q = 11.05 MHz, 𝜂𝜂Q = 0.58 and δiso = 642 ppm. Static 17O spectra obtained at 

11.7 T and 21.1 T are also shown in Figure 3.3. The static lineshapes are produced from the 

interplay effects of QC and CSA tensors in PAS. As shown in Figure 3.3, the apparent widths of 

the static spectra decrease with the increase in field strengths. At 11.7 T, the spectrum covers over 

1300 ppm, and line width drops to around 700 ppm at 21.1 T. The extraordinary broad peaks also 

give straightforward view of significant QI and CSA effects.  However, similar scales are found 

when the absolute frequencies in Hz are compared. It spans around 88 kHz at 11.7 T, and reduced 

to over 85 kHz at 21.1 T. Since the ST broadening of second-order QI is known to be inversely 

proportional to the field strength (B0), this small reduction indicates that the 17O CSA interaction, 

which is directly proportional to B0, is comparable in strength with QI in NO2ˉ ion. A similar 

phenomenon was also noticed in some previous studies on nitroso (R–N꞊O) and carbonyl (R1–

(C꞊O)–R2) functional groups in organic compounds.110,221 At 21.1 T, it is believed that the CSA 
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contribution dominates the line width. The contribution from the interplay of QC and CSA tensor 

is based on their relative orientation in PAS. 

 

Figure 3.3. Experimental (blue trace) and simulated (black trace) low temperature 17O SSNMR 
spectra of [17O]NaNO2. (A) 15-kHz MAS spectrum recorded at 21.1 T at 205 K. (B) Static 
spectrum recorded at 21.1 T at 137 K. (C) Static spectrum recorded at 11.7 T at 239 K.  

 

In order to simulate the static spectra, the rest of 17O QC and CSA tensor parameters are 

yet to be determined. Although the analysis strategy of static spectra is well-established,84,222 the 

procedure of testing parameter variations is still tedious. To simulate the static spectrum without 
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any exchange effect, the three principal components of the 17O CSA tensor as well as the three 

Euler angles to describe the relative orientation between the QC and CSA tensors are used. 

Moreover, to simulate the VT spectra with exchange effect, the orientation of the EFG tensor with 

respect to the molecular frame (MF) is also needed. Therefore, another three Euler angles are added 

to the required parameter set. In NaNO2, the two oxygen sites are symmetric with each other, and 

the chemical environments in the crystal for the two sites are also identical in the ferroelectric 

phase. Therefore, it is fair to assume the QC and CSA tensor parameters for the two 17O atoms are 

the same or symmetry-related. Under this circumstance, a total of nine unknown parameters exists. 

Thus, it is difficult to achieve high accuracy. For this simple ionic compound, the DFT calculations 

could provide good initializations. Furthermore, in a similar work on NaNO3,140 a 2D 17O EXSY 

NMR spectrum was used to obtain accurate tensor parameters. The 2D EXSY method has been 

described in details for studying half-integer quadrupolar nuclei.136 This technique is useful in 

describing the exchange effects in the slow motion regime, where the exchange rate is lower than 

the frequency difference between the two sites (below the coalescence temperature). The off-

diagonal pattern in the 2D EXSY spectrum is informative of the exchange details. For NaNO2, the 

2D EXSY spectrum was recorded at 21.1 T, and a temperature of 250 K was chosen for the slow 

exchange motion. Utilizing the MATLAB code developed by Dr. Zhehong Gan at NHMFL,140 the 

simulated 2D EXSY spectrum is in good agreement with the experimental one, as seen in Figure 

3.4. It is worth mentioning that the 2D EXSY spectrum for NaNO2 is drastically different from 

that for [17O]NaNO3.140 This discovery could provide potential insights to the differences in 

mechanisms between the 3-fold and 2-fold rotations. Combining the 1D and 2D spectral 

simulations, as well as the DFT calculation on the optimized periodic model from the crystal 



84 
 

structure, the experimental and computational 17O tensor parameters for the individual oxygen 

atom are listed in Table 3.1.  

  

Figure 3.4. Experimental (black trace in the left panel) and simulated (red trace in the right panel) 
17O 2D EXSY spectra recorded at 21.1 T for a stationary [17O]NaNO2 sample at 250 K. In the 
middle panel, the experimental and simulated spectra are overlaid on the top of each other for 
visual inspection. 

 

 In Table 3.1, the Euler angles of both QC and CS tensors are defined relative to the MF. In 

accordance with the geometry of the NO2ˉ ion, the C2v axis, which is the crystallographic b-axis 

correspondingly, is defined as the z-axis of the reference MF as illustrated in Figure 3.5. The y-

axis of MF extends horizontally, so the x-axis is pointing outside of the page. In the exchange 

model, the 180° flipping motion of NO2ˉ is assumed. Therefore, the 𝛾𝛾 angle of the tensors for the 

other oxygen site should have a 180° offset (𝛾𝛾 = 90°) based on the definition of the MF. From the 

Table 3.1, the unusual large Δδ validates the significant CSA effect as discussed earlier. The tensor 

orientations were shown in Figure 3.5 with the experimentally determined Euler angles. As seen 

in Figure 3.5, it is clear that the Vyy component of the EFG tensor is almost parallel to the N–O 

bond. This feature makes the EFG tensor orientation well-defined on the MF, which simplified the 
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simulation procedure. Regarding the CSA tensor, the δzz component is perpendicular to the planar 

NO2ˉ, which is consistent with the observation for NaNO3.140 However, the other two components 

disagree. In NaNO3, the δxx and δyy orientations coincide with the Vyy and Vzz respectively. In 

NaNO2, the δxx  is 138° off the N–O bond. It is interesting to note that the 17O CSA tensor 

orientation is similar to those in some nitroso groups (R–S–N=O and H–N=O) reported 

previously.223,224 This phenomenon could be understood based on the structure of NO2ˉ. It is 

generally known that the chemical bonds in NO2ˉ can be described as two resonances: ˉO–N=O 

and O=N–Oˉ. Therefore, a partial double-bond feature exists in the N–O bond. In addition, the 17O 

EFG tensor orientation is also the same as that in the nitroso groups.223,224 It is a typical case that 

the SSNMR tensors assist in understanding the local structures for chemical groups. 

Table 3.1. Experimental and calculated 17O tensor parameters for NaNO2. 

Tensor Parameters Computation Experiment 

QC/EFG 

CQ (MHz) 12.13 11.05 ± 0.05 

ηQ 0.51 0.58 ± 0.02 

α (degree)a -90 -90 ± 1 

β (degree)a 147 149 ± 1 

γ (degree)a -90 -90 ± 1 

CSA 

δiso (ppm) 659 643 ± 2 

Δδ (ppm) -791 -705 ± 10 

η 0.84 0.96 ± 0.02 

α (degree)a -90 -80 ± 1 

β (degree)a 82 90 ± 1 

γ (degree)a -0.6 0 ± 1 

aThe Euler angles are defined w.r.t. to the molecular frame of the crystal. 
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Figure 3.5. 17O EFG and CSA tensor orientations with respect to the MF for NO2ˉ ion in NaNO2. 
The ZMF and YMF are in coincidence with the crystallographic b-axis and c-axis respectively.  

 

 The NO2ˉ ion dynamics were examined by the VT 17O NMR experiments. The 

experimental and simulated 17O SSNMR spectra for 11.7 T, 14.1 T and 21.1 T are shown in Figure 

3.6. As seen from the spectra, the proposed model of 2-site exchange about the crystallographic b-

axis for NO2ˉ is conserved along the whole temperature sequences. Also, the tensor parameters 

reported in Table 3.1 produce high quality of simulation curves. From Figure 3.6, it could be 

observed that the 17O lineshape depends strongly on the magnetic field strength, which shows the 

sensitivity of the 17O NMR interactions. Similar to those discussed in Section 1.1.2, the symmetric 

oxygen atoms in NO2ˉ are not equivalent in an applied magnetic field in most cases. As the NO2ˉ 

rotates, the oxygen atoms would encounter variations in resonance frequencies, thus produce 

relevant effects on the VT spectra. The unique condition that the oxygen atoms are invariant of the 

2-fold motion is when B0����⃗  is aligned with the b-axis or a-axis in the crystal frame. As one could 

imagine from Figure 3.1, the rotation of NO2ˉ does not change the relative angle between the N–

O bond and B0����⃗  under these two circumstances. Therefore, the spectra experience drastic changes 
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in lineshapes as temperature increases due to the dynamic motions in NO2ˉ ions at each field. The 

spectra sequences were recorded up to the fast-exchange limit below the Larmor frequency. An 

apparent transition in lineshape is found at each field when the exchange rate is on the order of the 

second-order quadrupolar line width, which is the difference in CT for the two sites. After the 

coalescence temperature, narrowing effect is observed in the line widths due to motional averaging 

between the two oxygen atoms. As seen from the 11.7 T spectra sequence, about 500 ppm was 

reduced in line width from the bottom to the top. In contrast, one may notice that the line width 

reduction in the 21.1 T spectral sequence is less than 100 ppm. To obtain a more complete 

understanding for this phenomenon, the contributions from QC and CSA interactions are inspected 

separately by simulations, as illustrated in Figure 3.7 and 3.8. At 11.7 T, the QC effect covers a 

much larger range of frequencies, as seen from the bottom spectra in Figure 3.7. As 𝑘𝑘𝑒𝑒𝑒𝑒 increases 

to the fast exchange condition, an obvious reduction is noticed from the QC contribution. As a 

comparison, the same simulations were performed at 21.1 T. As seen in Figure 3.8, the CSA 

contribution is predominant at 21.1 T. As seen in Figure 3.8, the two interactions are on drastically 

different scales at the higher magnetic field. Under this situation, the CSA contribution is 

dominating the line width at 21.1 T instead. This is due to the field-dependent effects of the two 

SSNMR interactions as mentioned earlier. However, only minor reduction in line width presents 

for CSA, which is negligible considering the total line broadenings. Therefore, this provides a 

straightforward view of the underlying reason of the line width effect under the motional averaging. 

More insights can be achieved if the simulation spectra are examined in details. Based on the tensor 

orientations in Figure 3.5, the 𝑉𝑉𝑒𝑒𝑒𝑒  and 𝛿𝛿𝑧𝑧𝑧𝑧  components of the QC and CSA tensors are both 

perpendicular to the planar NO2ˉ ion. Consequently, the 180° flipping motion of the NO2ˉ ion does 

not introduce changes in these two parameters. As one may notice from the CSA patterns, the 
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positions of the upfield end remain unchanged under the exchange effect at both magnetic fields. 

By the definition described in 2.2.1, this end relates to 𝛿𝛿𝑧𝑧𝑧𝑧. Similarly, the ends downfield on the 

QC spectra retain their positions as well. Moreover, the reductions in CSA line widths are less 

significant than those in QC spectra. This also mainly arise from the tensor orientations. As 

indicated in Figure 3.5, the directions of 𝛿𝛿𝑒𝑒𝑒𝑒 and 𝛿𝛿𝑦𝑦𝑦𝑦 are nearly coincident with the axes of MF 

(within 10°). As a result, the motional averaging from the NO2ˉ flipping does not have any 

significant effect for the chemical shift tensor. 

Due to the limitation of the spectrometer probes, the high temperature range that would 

induce the second transition in lineshape as mentioned earlier in Section 1.2.2 discovered by Hung 

et al140 was not reached. However, it is plausible that the same effect will happen in NaNO2. An 

observation necessary to mention is that the simulated spectra for the high temperatures (over 330 

K) are slightly broader than the experimental ones, especially on the low frequency end. This is 

probably due to the minor expansion of the unit cell in NaNO2 crystal at high temperatures. Similar 

effects were also found in the previous 14N NQR and 23Na NMR studies.201–204 Therefore, the 

tensor parameters listed in Table 3.1 are also subject to change if the temperature is further 

increased. 
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Figure 3.6. Experimental (blue trace) and simulated (black trace) VT 17O NMR spectra of [17O]NaNO2 obtained at 11.7, 14.1, and 21.1 
T. The values of kex used in the simulations are shown on the side. 
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Figure 3.7. Simulated 17O NMR spectra for 2-site flipping dynamics in NaNO2 at 11.7 T by considering CSA only, QC only, and CSA 
and QC together, respectively. The 17O QC and CSA tensor parameters listed in Table 3.1 were used. 
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Figure 3.8. Simulated 17O NMR spectra for 2-site flipping dynamics in NaNO2 at 21.1 T by considering CSA only, QC only, and CSA 
and QC together, respectively. The 17O QC and CSA tensor parameters listed in Table 3.1 were used.
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For completeness, the static VT 17O NMR spectra for [17O]NaNO2 were also recorded at a 

fourth magnetic field, 16.4 T, as shown in Figure 3.9. The same 17O NMR tensor parameters were 

used in the simulations. Comparing with data obtained at the other three magnetic fields, the 

spectra shown in Figure 3.9 were recorded over a smaller temperature range, primarily because 

above 313 K, the exchange rate would exceed the limit of Express 3, as mentioned in Section 2.5. 

As shown in Figure 3.9, good agreements were found in the positions of singularities between the 

experimental and simulated spectra, which further supported the 17O NMR tensor parameters 

reported in Table 3.1. Some mismatches were noticed in terms of the spectral intensities, especially 

for the spectra in the slow and intermediate exchange regime. Concrete reasons are still not clear 

for this phenomenon. It is possible that the setting of recycle delay (d1) of 0.1 s was not proper 

under the spectrometer condition. Also, a slightly longer echo delay (d6 = 80 μs) was used in 

comparison with the previous experiments. It was well-known in 2H NMR that the quadrupolar 

lineshapes show strong dependence on d6 in the intermediate exchange region.16,68 Although a 

different situation should be considered for half-integer quadrupolar nuclei, this reason is still 

feasible. However, the key features caused by the QC and CSA interactions are still well-

reproduced.  

Following the relation in Equation 46, the Arrhenius plot of exchange rates in logarithm 

scale versus the reciprocal of temperature generated from the data points from all four fields is 

shown in Figure 3.10. The activation energy (Ea) of the 2-fold jump of NO2ˉ obtained from the 

slope is estimated to be 67 ± 5 kJ/mol. This value is consistent with the published result of 68 ± 5 

kJ/mol.220 As mentioned earlier, the rotation of NO2ˉ is supposed to overcome the ionic bonding 

energy. Out of this consideration, the Ea value would indicate the strengths of the ionic Na⁺–Oˉ 

bond around the NO2ˉ ion. In NaNO2, each oxygen site is coordinated with three Na⁺ ions, with 
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one bond length of 2.542 Å and the other two of 2.462 Å. Therefore, a total of six Na⁺–Oˉ ionic 

bonds with an average length of 2.489 Å are broken during the rotation of NO2ˉ around the 

crystallographic b-axis. However, contradiction is found when this result is compared with the 3-

fold jump Ea of NO3ˉ in NaNO3, which was reported as a much lower value of 37 kJ/mol.140 In the 

NaNO3 crystal frame, each of the three C3 symmetry-related oxygen atoms of NO3ˉ is coordinated 

with two Na⁺ ions with a Na–O distance of 2.393 Å.225 Therefore, there are also a total of six ionic 

bonds around NO3ˉ, and they possess shorter Na–O distances in average than those in NaNO2. In 

this circumstance, the Ea value for NO3ˉ is expected to be higher based on the bonding parameters. 

However, the opposite was observed. Further examination is thus needed to explain this fact. In 

the NaNO3 crystal, the Na⁺–Oˉ bond directions are roughly perpendicular to the plane consisted by 

the three oxygen sites in NO3ˉ. Therefore, strong ionic bonds could still exist in the transition state 

(TS) of the anion rotation. In NaNO2, only two of the Na⁺–Oˉ bonds possibly exist in the TS. As a 

consequence, the net energy barrier of the anion dynamics is higher in NaNO2. This phenomenon 

is similar to the MD study of CO32ˉ rotation in the cryptand cage.138 As mentioned in Section 1.2.2, 

the low Ea value found for the motion is probably due to residue ionic pairing interactions in the 

TS. 
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Figure 3.9. Experimental (blue trace) and simulated (black trace) VT 17O NMR spectra of 
[17O]NaNO2 obtained at 16.4 T. 
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Figure 3.10. Arrhenius plot of NO2ˉ dynamics in NaNO2 obtained using the experimental 17O 
NMR data shown in Figure 3.6 and 3.9. 

 

3.3.2 Analysis of 17O CT and ST Transverse Relaxation Times 

3.3.2.1 Spin-Echo Experiments 

 As explained in Section 2.3.2, the transverse relaxation time (T2) of satellite transitions (ST) 

is an alternative way of determining 𝐸𝐸a. For NaNO2, T2 of 17O nuclei were measured from both 

CT and ST signals. To detect the CT signal for NaNO2, the transmitter frequency was set to 500 

ppm (O1p = 500 ppm). For ST measurements, it was set to 7000 ppm. For a temperature range of 

228-360 K, spin-echo experiments with various echo delays (τ or d6) were performed at 16.4 T. 

The spin-echo spectra obtained at 228 K for CT and ST are shown as examples in Figure 3.11. 
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Figure 3.11. 17O spin-echo NMR spectra of NaNO2 obtained at 228 K. (a) Overlaid CT spectra with varied d6 in the time domain and 
(b) CT spectrum recorded with d6 = 100 μs. Similar spectra for ST are shown in (c) and (d).
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Based on the relative echo intensities, T2 values were estimated following the definition in 

Equation 5. Figure 3.12 shows an example of an experimental data set following the mono-

exponential decay function. As defined in Equation 5, T2 for the specific temperature is directly 

obtained from the fitting parameters. However, some problems or interesting phenomenon were 

encountered in T2 determinations. First, at low temperatures, the intensity decaying curve is not 

conventionally exponential. For example, the ST echo intensities obtained at 228 K are plotted in 

Figure 3.12. The error values are estimated accordingly for individual points. As indicated by the 

dash line, it is manifest that the decaying trend of the points do not match a fitting function of 

y = Ae−
t
T2      (51) 

Here, A is constant, and the function is in the format of Equation 5. Although the underlying reason 

is unclear, the problem was solved by a modified exponential function of 

y = Ae−( 𝑡𝑡
T2

)b      (52) 

where b is constant with a typical value in the range of 1.3~2.0. As shown in Figure 3.12, the 

function gives satisfactory agreement within the data points. Notably, Equation 52 was also applied 

as the fitting function for the data sets of 228 K, 236 K, 245 K obtained from both CT and ST 

signals, as well as the CT data set at 255 K. The rest of the echo intensities plots can be found in 

Appendix I. 

Second, in the intermediate temperature range, the T2 decay curves for CT are found to be 

bi-exponential. This observation is consistent with the phenomenon in the lineshape study, where 

two unique orientations exist for NO2ˉ ions that the two oxygen sites experience limited NMR 

dynamic effects. As a consequence, T2 lengths for the 17O population under this circumstance 
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mainly follow the intrinsic T2 function. Therefore, two T2 values are produced from the analysis 

of the data set. The longer T2 comes from the anions in the two unique orientations, whereas the 

shorter T2 are for the anions under rotations. An example is shown in Figure 3.12, which displays 

the CT echo intensities obtained at 284 K. As seen in the figure, the fitting is of high quality, and 

the function is: 

y = A1e−
t
T2 + A2e

− t
T2
′       (53) 

In the equation above, T2’ stands for the relaxation time with longer length, which is not important 

in terms of the dynamic effect. Similar phenomenon also occurs at 274 K, 298 K and 312 K. Later 

in the VT relaxation analysis, the T2 with shorter lengths will serve in the trend plot. The rest of 

the VT data sets were analyzed with the regular mono-exponential decay function. 

Third, as the experiment approaching the coalescence temperature, T2 lengths for ST 

become extremely short. For example, the ST T2 at 303 K was estimated to be only around 10 μs. 

Under this circumstance, the τ length in the spin-echo experiments must start from a very short 

value. However, an underlying problem was discovered that, the echo intensity may contain 

residue pulse from the amplifier, which interferes with the real signal from the sample. Moreover, 

since the O1p was much downfield to avoid the CT frequencies, the ST signal was originally weak. 

Therefore, it is difficult to obtain high-quality echo sequences in this temperature range. This 

phenomenon was found to be significant at 312 K, for which the experiments were not successfully 

conducted. However, the problem did not become a real obstacle to the overall VT results. 
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Figure 3.12. Echo intensity versus time plots for 17O signals for NaNO2. Data points and fitting 
curves are obtained from (a) CT at 351 K and Equation 51, (b) ST at 228 K and Equation 52 (blue 
line: Equation 51), and (c) CT at 284 K and Equation 53. 
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 For spin-echo experiments, 17O T2 measurements for CT and ST in NaNO2 were plotted as 

transverse relaxation rates (R2) against the reciprocal of temperature (1/T). As seen in Figure 3.13, 

at low temperatures, the CT and ST of the 17O nuclei possess very similar relaxation times until 

the point at 284 K. As temperature increases, the R2 points of ST keeps growing rapidly, which 

reaches a maximum at 303 K. In comparison, the growth of R2 values for CT acquires a smaller 

range. Both CT and ST show a drop in R2 after the maximums, and increase slowly with the 

temperature after that. 

 

Figure 3.13. Plot of 17O transverse relaxation rates versus the reciprocal temperature for CT and 
ST signals in crystalline NaNO2. All measurements were performed at 16.4 T. 

 

 It is interesting to achieve insights into the R2 data combining the results from the CT 

lineshape analysis. As seen from the experimental data shown in Figure 3.6 and 3.9, the 

temperatures in the spin-echo T2 experiments covers the full range of exchange effects in crystal 
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NaNO2. Below 250 K, no obvious change in the lineshapes could be observed. This indicates that 

the NO2ˉ are under slow motions. In terms of the T2 results, the low kex values do not introduce 

significantly different exchange effects in the quadrupolar transitions in this temperature range, 

causing the “flat tail” on the R2 plots in Figure 3.13. Before the coalescence temperature, CT and 

ST should share similar T2 lengths, as is indicated on the plot until the point at 284 K. The CT 

rates reached a maximum short after, whereas the ST rates kept increasing until 303 K.  This is 

consistent with the lineshape results that, the coalescence temperature of CT should appear around 

290 K, as is seen from the lineshape transitions at four fields. Since ST covers a broader frequency 

range and thus larger frequency differences among oxygen sites, it acquires a minimum in T2 at 

higher temperature with faster exchange process. It is shown in the R2 points as the peak value 

around 303 K. The rapid growths in the points below the coalescence temperatures follow the 

description in Equation 43, indicating the domination of exchange process in the relaxation 

mechanism. Under the fast exchange condition, R2 becomes inversely proportional to kex , as 

shown by Equation 44.  

 The last obstacle for analyzing the R2 curves is the temperature dependence of the intrinsic 

quadrupolar T2 values for 17O nuclei. With the presence of the molecular motions, it is not possible 

to detect the intrinsic T2 for the NaNO2 sample directly. Therefore, the experimental results must 

be acquired in an alternative way. Here, we made an assumption that, the intrinsic T2 values for 

17O in solid samples follow very similar trend. Therefore, a powder sample of [3,20-

17O]progesterone was chosen as the reference compound to measure the intrinsic 17O T2 curve. 

This compound is known to be free of molecular motion in the solid state. Attempts were made to 

obtain T2 from VT experiments using spin-echo and CPMG pulse sequences, and the results are 

shown in Figure 3.14. Consequently, CPMG pulse sequences were employed to run T2 
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experiments on the reference sample in the interested temperature range. The T2 estimated from 

the ST experiments of [3,20-17O]progesterone as shown in Scheme 3.1 were chosen to serve as the 

intrinsic relaxation times. The converted R2 values were scaled by a constant offset in order to 

match the low-temperature rates with those in NaNO2. To support as a baseline for the NaNO2 

data regression, a function was estimated for the intrinsic relaxation based on the discrete 

measurements for the reference sample. As shown in Figure 3.14, a transformed exponential 

function was found to be the best-fit, which is: 

y = Ae−
b
T + c      (54) 

Here, A, b and c are adjustable constants based on the experimental data. Although the physical 

interpretation of the exponential function is to be determined, it does show reasonable agreement 

with the experimental data. 

 

 

 

Scheme 3.1. Molecular structure of [3,20-17O]progesterone used in this thesis as a reference 
compound for the intrinsic 17O T2 measurements. 
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Figure 3.14. Intrinsic 17O quadrupolar VT transverse relaxation rates measured from CPMG and 
spin-echo experiments in (a) CT and from CPMG for (b) ST in [3,20-17O]progesterone and the 
exponential fitting curve for ST is shown. 
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Finally, the fitted R2 function serves as the intrinsic baseline for NaNO2, and the R2 points 

for both CT and ST were fitted by the empirical functions given in Equation 43 and 44, as 

illustrated in Figure 3.15. The reference R2 values are scaled accordingly for the ST and CT 

measurements. From the general trends in the plots, it is clear that the intrinsic R2 increases slowly 

with temperature comparing with the points from NaNO2 under effect of chemical exchange. 

Based on the fitting function, the intrinsic R2 is a monotonic function of the temperature, and the 

overall trend in the intrinsic points roughly match the R2 data for NaNO2 on both ends. This fact 

in turn supports our assumption on the 17O quadrupolar relaxation. The theoretical R2 curves were 

produced for slow-intermediate and fast exchange regimes, respectively. In terms of the 

mechanism in Equation 43, the kinetic form for the exchange rate follows the Arrhenius law as 

shown in Equation 46. Therefore, the fitting function becomes: 

1 T2⁄ = 1 T2int + Ae−
𝛥𝛥a
RT⁄      (55) 

Similarly, the function on the high temperature side is modified for the equally populated two-site 

exchange situation: 

1 T2⁄ = 1 T2int + π2

2
Δν2 1

A
e
𝛥𝛥a
RT�      (56) 

Here, Δ𝜈𝜈 is the frequency difference between the two oxygen sites. The energy barrier 𝐸𝐸a, the 

constant A as well as Δν are determined from the fitting curves. 
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Figure 3.15. Experimental (data points) and theoretical (solid lines) 17O R2 curves for ST and CT 
in NaNO2 with the reference R2 results also shown. The fitting curves were produced using 
Equation 55 and 56 with following parameters: 𝐸𝐸𝑎𝑎 = 68 kJ/mol, A = 5 × 1016, 𝛥𝛥𝜈𝜈 = 4.0 × 104 
Hz for ST and 𝛥𝛥𝜈𝜈 = 1.5 × 104 Hz for CT. 

 

 The calculated curves plotted on the graph show reasonable agreements with the 

experimental data, which yielded an energy barrier of 𝐸𝐸𝑎𝑎 = 68 ± 2 kJ/mol for the NO2ˉ rotation. 

This is in good agreement with the experimental result obtained from the lineshape analysis. Since 

𝐸𝐸𝑎𝑎 is the only variable in Equation 55, the CT and ST curves under the coalescence temperatures 

should follow the same trend, as clearly observed in Figure 3.13. Above the coalescence 

temperatures, because CT and ST have different frequency differences (𝛥𝛥𝜈𝜈), the R2 trends differ 

for the two transitions. In addition, Δν values producing the fitting curves should agree with the 

exchange rates at coalescence temperatures for CT and ST, respectively. Based on the simulation 

data for the CT lineshapes, the fitting parameter of 𝛥𝛥𝜈𝜈 = 1.5 × 104 Hz is roughly consistent with 

the 𝑘𝑘𝑒𝑒𝑒𝑒 value round 290 K. For ST, a higher 𝛥𝛥𝜈𝜈 value of 4.0 × 104 Hz is as expected. 
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3.3.2.2 CPMG Experiments 

 Unlike the conventional spin-echo method, CPMG allows detection of consecutive echoes 

in a single experiment. In principle, it can serve as a more convenient way to measure T2. For 

[17O]NaNO2, 17O QCPMG spectra were also recorded at 11.7 T for T2 measurements. In order to 

compare with the spin-echo results, the VT CPMG experiments were performed in the same 

temperature range with an echo delay of τ = 100 μs. The CPMG spectra obtained at 236 K for 

CT and ST are shown in Figure 3.16 as examples. As seen in the figure, the echo decays 

simultaneously with time increasing. The echo intensities were read off the spectra in the time 

domain, and the T2 values were estimated from the exponential functions. As one might notice, 

the first echo shows an unexpected lower intensity. This phenomenon occurs in the majority of the 

acquired CPMG spectra with an unknown reason. As a consequence, the intensities were read from 

the second echo instead. At the end of the acquisition time, the echoes gain very low intensities 

which merge into the noise level. For the whole temperature range, the same recycle delay (d1 = 

0.1 s) was used. However, since the T1 varies with the temperature, the S/N levels would differ at 

each temperature. Therefore, the noise level was estimated for each spectrum, and was deducted 

from the echo intensities. The processed decaying intensities were fitted in the same fashion as 

those described for the spin-echo method to obtain the T2 values. 
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Figure 3.16. 17O spin-echo NMR spectra of NaNO2 obtained at 228 K. (a) Overlaid CT spectra with varied d6 in the time domain and 
(b) CT spectrum recorded with d6 = 100 μs. Similar spectra for ST are shown in (c) and (d).
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For T2 measurements for CT, the CPMG spectra were recorded at temperatures between 

236 and 360 K. Nevertheless, ST shows a very short T2 around the coalescence temperature. The 

CPMG pulse sequence with an echo delay of 100 μs is not suitable for such measurements. As a 

result, CPMG experiments were only performed till 284 K for ST. With the T2 values obtained 

from the fitting functions at each temperature, the R2 plots for both transitions are shown in Figure 

3.17. Comparing with the overlapped plot in Figure 3.13 where CT and ST possess very similar 

T2 under the CT coalescence temperature, noticeable discrepancies are shown at low temperature 

end as well as the points at 284 K. The big differences cannot be attributed to the errors due to the 

low S/N on the ST spectra. Figure 3.17 also displays the overlapped plots of VT T2 values for CT 

from both approaches. In terms of the exchange effects in T2, it can be observed that the CPMG 

method predicts a different coalescence temperature. The T2 of CT achieves the maximum around 

290 K as given by the spin-echo method, whereas in the CPMG sequence it starts decreasing after 

280 K. In addition, the two methods would yield different kinetic information for the NO2ˉ 

dynamics, based on the distinct rates of change in R2. With the high S/N in CT signal acquisitions, 

the reason of experimental error should probably be ruled out. At this point, we could not provide 

an explanation for this phenomenon. Besides, systematic experiments of more samples are needed 

to confirm this effect. 
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Figure 3.17. (a) Plots of 17O R2 values at VT measured by CPMG experiments for CT and ST in 
[17O]NaNO2. (b) Plots of 17O CT R2 values at VT measured by CPMG and spin-echo methods. 
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The most prominent observation in Figure 3.17 would be that, the T2 lengths produced by 

CPMG measurements are persistently longer than those from spin-echo experiments for the 

majority of sample temperatures. Regardless of the chemical exchange effects, this phenomenon 

has been discussed for spin systems in solids.226–230 It was recognized by Hahn that the decay due 

to translational diffusion in solutions cannot be completely refocused in a simple spin-echo 

experiment.161 Later on, this effect was found to be supressed by the consecutive echoes by 

Meiboom and Gill.163 Therefore, the CPMG approach does produce longer T2 than the spin-echo 

sequence in this situation. However, in principle, the two methods should give identical results in 

solids as predicted by the mathematical models.230 The first apparent explanation of the paradox 

is the spin-locking effect.165,231 Usually, after the initial 90° RF pulse, the system applies a 

continuous wave RF field along the spin direction in the x-y plane. In this circumstance, the 

rotating spin magnetization is locked along its axis. Although the spins still experience decaying 

in magnitude due to the spin-lattice relaxation, the transverse relaxation mechanism is eliminated. 

The effect was applied vigorously as a technique, but it also affects the multi-pulse 

experiments.226–229 In the CPMG experiment, the spin-locking effect is likely introduced by the 

sequence of π pulses applied. In this way, the spin coherence persists by the π pulse and the 

effective T2 becomes longer, consequently. This fact presumably explains the discrepancies in the 

T2 values measured by spin-echo and CPMG. It was discovered that, the apparent T2 measured 

from CPMG experiments is also related to the system size.230 With a larger quantity of spins, more 

unexpected echoes would appear in the spectra, which increases the T2 estimation. This could serve 

as a possible explanation for the T2 differences between CT and ST at the low temperature limit. 

In the experimental setups for ST, the transmitter frequency is far-off the reference so the 

detectable spins are less abundant than the CT measurements. Therefore, T2 in CT experiments 
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would appear to be longer under this assumption. This difference is eliminated at 265 K and 274 

K, as shown in Figure 3.17. The reason behind this is not clear at this point. However, it is worth 

to mention that the bi-exponential feature started showing up in the CT decaying functions from 

265 K. The CT functions with temperatures below this point as well as the ST functions were 

featured as mono-exponential. It is possible that the apparent T2 values measured for ST at 265 K 

and 274 K are averaged from the two distinct relaxation times. Since the short T2 values in the bi-

exponential fittings were plotted for CT, the differences were therefore canceled out between CT 

and ST.  

In principle, the number of π pulses would increase in a fixed time domain as τ decreases, 

then the spin-locking effect is intensified. Therefore, without additional effects (e.g., chemical 

exchange), the observed T2 length should be further extended with a shorter τ. This can be justified 

by the reference compound, [3,20-17O]progesterone we used. The 17O CPMG experiments for 

progesterone were performed at 16.4 T. The spectra were recorded with a 20 μs interval in the τ 

ranged from 40 μs to 160 μs. An increase in the measured T2 trend was observed as predicted, as 

illustrated in Figure 3.18. With τ = 40 μs, the apparent 17O T2 was estimated as 2145 μs for the 

compound, and it decreases to 840 μs for τ = 160 μs. As observed in the figure, the τ-dependent 

T2 experiences a significant reduction of over 60% throughout the range. 
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Figure 3.18. Plot of apparent 17O CT T2 against the echo delay in CPMG experiments for [3,20-
17O]progesterone at room temperature. All measurements were performed at 16.4 T. 

 

 Considering the chemical exchange effect, some strange features were introduced to the 

CPMG results for [17O]NaNO2. First, it can be noticed from Figure 3.17 that, the T2 measured for 

CT from CPMG and spin-echo approach become consistent above 322 K. Still, no concrete 

explanations could be addressed so far. As is noticed from the lineshape results, the exchange 

effect is almost well-averaged over 322 K. Also, as seen from Figure 3.15, the exchange 

contribution to T2 becomes less significant from this point. Therefore, this phenomenon is possibly 

related to the fast exchange effect or the reduction in intrinsic T2. More importantly, changes in 

the τ dependence in apparent T2 were found when exchange effects exist. Figure 3.19 shows the 

plots of CT T2 versus τ lengths for CPMG experiments at various temperatures in [17O]NaNO2. As 

observed in Figure 3.19, the τ dependent T2 from CPMG measurements acquire drastically 

different behaviours at distinct exchange stages. At 274 K, 298 K and 332 K, the apparent T2 

values are all monotonic functions of the echo delay. Unlike the trend in Figure 3.18 where 
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exchange effects absent, the T2 increases continuously with τ. Among the three temperatures, data 

points for 274 K and 332 K obtain similar increasing rates, whereas at 298 K the T2 values show 

large discrepancies over the τ domain. It is obvious from the plots that, the T2 values at 298 K 

spread across the data ranges for 274 K and 332 K. Comparing with the other two temperatures, 

the oxygen sites exchange from the NO2ˉ rotations at 298 K is the most effective as it is close to 

the coalescence temperature. The T2 lengths changes from 90 μs to 422 μs in the plot at this 

temperature, which increased over 350%. Moreover, as seen in Figure 3.19, the selection of d6 (τ) 

= 100 μs is clearly not proper for our experiments. With the chosen τ length, the CPMG experiment 

yields a T2 value higher than that of 274 K. It is opposite the fact considering the results from spin-

echo experiments as well as the observation from the lineshape analysis. Consequently, this 

explains the reason for the inconsistency of R2 trends in Figure 3.13. In Figure 3.19, only T2’s 

measured from τ lengths of 40 μs and 60 μs are consistent with the expected trend at 298 K. Based 

on the spin-echo experiments, the T2 at 298 K is 56 μs. Therefore, it might be applicable to choose 

a τ length comparable to T2 to obtain information about the exchange effect in CPMG experiments. 

However, as the changes in τ lengths are still limited in the current data sets, more complete 

experimental data are necessary to obtain a conclusive answer. 
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Figure 3.19. Plots of apparent 17O CT T2 against the echo delay in CPMG experiments for NaNO2 
at (a) 274 K, 298 K and 332 K, (b) 255 K and (c) 236 K. All measurements were performed at 16.4 
T. 
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 The next thing is to consider the conflicting τ dependence of apparent T2 in the CPMG 

experiment. For the three temperatures discussed above, the NO2ˉ ions are very active in the 

exchange process. Since the plots show opposite trends as that in Figure 3.18 for progesterone, it 

is evident that the exchange effects in the sample is dominating the changes in apparent T2 for the 

three temperatures. In other words, the exchange contribution to the apparent T2 is affected by the 

echo delays in a more efficient way than the intrinsic T2. In our experiments, the τ lengths are 

below 200 μs, which is a relatively short scale. A possibility is that the effective exchange process 

in NO2ˉ ions is promoted by the short-separated π pulses. As the fast molecular motions are 

sensitive to the absorbed energies, the repeated pulses in the CPMG experiments would “heat up” 

the sample. In this case, the motions of the 17O spins are facilitated by pulses with shorter τ lengths. 

The modulations in the T2 by the exchange effect seem to be in the same fashion for slow and fast 

exchange regimes, as indicated by the data sets for 274 K and 332 K in Figure 3.19. Comparing 

with the data set of 298 K, the changes in T2 upon the τ domain are minor at 274 K and 332 K. It 

could be hypothesized that these increments in apparent T2 are proportional to the exchange 

contribution, since at 298 K the relaxation is dominated by the two-site exchange in NO2ˉ.  

As noticed from Figure 3.19, the T2 lengths for 255 K and 236 K show unique trends with 

the increase in echo delays. At 236 K, T2 measured from CPMG experiments basically decrease 

with the increasing τ, with only the point at τ = 40 μs as the exception. Besides, another completely 

different pattern is observed at 255 K, where the T2 show distinct trends below and above τ = 140 

μs. Still, the mathematical form of such phenomenon in this particular situation is unclear to us. 

The differences at VT are undoubtedly related to the chemical exchange effect. From the lineshape 

analysis results in Figure 3.6 and 3.9, the flipping NO2ˉ should undergo ultra-slow motion at 236 

K. Therefore, the apparent T2 as a function of τ is still dominating by the intrinsic quadrupolar 
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relaxation, as those shown in Figure 3.19. At 255 K, the exchange process has low 𝑘𝑘𝑒𝑒𝑒𝑒 (< 500 Hz), 

so two trends were observed for the T2 data set. 

 The dispersion in apparent T2 under molecular dynamics in CPMG experiments has been 

widely discussed.70,232–236 Particularly, the technique of relaxation dispersion has been applied to 

study protein dynamics in slow time scales.237–243 With the well-built mathematical models, the 

kinetic information could be extracted from the τ varying CPMG experiments.237,244 However, 

these previous discoveries could not fully explain our findings. Also, it must be stressed that, our 

experiments are limited to a small domain of τ values. For most of our cases, the domain is only 

subject to small expansions due to the T2 lengths. Variable observations might be obtained with a 

different scale of echo delays. 

 

3.4 Conclusions 

 This chapter reports on a complete study of the NO2ˉ dynamics in the ferroelectric phase 

of NaNO2 crystals. Two different 17O SSNMR approaches were implemented to determine the 

rotational energy barrier of NO2ˉ ions. The first approach involves 17O quadrupolar lineshape 

analysis for data collected at four magnetic fields. The second approach is to use transverse 

relaxation times observed for both CT and ST signals. This is the first time that 17O ST transverse 

times are used for this purpose. The two methods yielded consistent activation barriers of around 

68 kJ/mol for the NO2ˉ flipping motions. Therefore, 17O SSNMR has been proved to be a powerful 

tool for probing molecular motions that are not detectable by diffraction methods. At the end, we 

also discovered the imperfections for CPMG approach of the relaxation study, where the apparent 
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T2 are strongly dependent on the echo delay. The improvements and understandings for such 

discrepancies could serve as a future direction in the field. 
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Chapter 4 Sulfonate Jump Dynamics in Crystalline Sulfonic Acids 

4.1 Introduction 

 Sulfonic acids are a family of strong acids with a general form of R―S(=O)2―OH. In the 

solid state, they usually exist in the zwitterionic forms. Several years ago, Kong et al.132 reported 

a solid-state 17O NMR study on the sulfonate molecular dynamics in three crystalline sulfonic acids: 

taurine (T), homotaurine (HT), and 4-aminobutane-1-sulfonic acid (ABSA). In this previous work, 

variable temperature (VT) 17O NMR spectra were obtained, and the sulfonate group (SO3⁻) 

dynamics were analyzed from the quadrupolar lineshapes. In this thesis, we expanded the 

pioneering 17O SSNMR work of Kong et al. by studying the sulfonate dynamic behaviours in three 

more crystalline sulfonic acids, in order to gain better understanding of the H-bonding structures. 

The three new compounds are L-cysteic acid monohydrate (CA), 3-pyridinesulfonic acid (PSA) 

and p-toluenesulfonic acid monohydrate (TSA); see Scheme 4.1. 

 L-cysteic acid is an alanine derivative which is also known as cysteate. In biological 

systems, it appears as a metabolite in human bodies, animals and bacteria.245–247 Unlike the linear 

structures of the amino sulfonic acids, 3-pyridinesulfonic acid and p-toluenesulfonic acid 

monohydrate both have planar rings attached to the SO3⁻ groups. In addition, TSA is also well-

known compound which has been widely used in many scientific fields such as organic synthesis, 

pharmaceuticals and biochemistry.248–250 As most of the oxygen-containing functional groups in 

organic solids, the SO3⁻ groups in the sulfonic acids are involved in various degrees of H-bonding 

interactions. For the six compounds studied in this thesis, the oxygen sites in SO3⁻ all serve as 

hydrogen bond acceptors in O···H−N and O···H−O hydrogen bonds. Moreover, as part of a 

tetrahedral geometry, the three oxygen sites in SO3⁻ undergo 3-fold rotations in the crystalline 

solids. Consequently, the rotational energy barrier (𝐸𝐸𝑎𝑎) of SO3⁻ should be directly related to the 
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H-bonding structure around it. In the previous work of Kong et al,132 a simple model was provided 

on the correlation between 𝐸𝐸𝑎𝑎 and the total H-bonding strengths for T, HT and ABSA. In this 

thesis, we examined three new sulfonic acids by VT 17O SSNMR. The primary goal is to collect 

more kinetic data for crystalline sulfonic acids so that a better understanding of the relationship 

between rotational barriers and H-bonding structure in this class of compounds. 

 

Scheme 4.1. Molecular structures of the sulfonic acids examined in this thesis.  
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4.2 Experimental and Computational Details 

4.2.1 Synthesis of 17O-Labeled Sulfonic Acids 

[17O3]-L-Cysteic acid monohydrate 

L-cystine dihydrochloride (450 mg) was dissolved in 40% 17O enriched H2O to obtain a saturated 

solution. The solution was heated at 77℃ ± 5℃ for 3 hrs. Upon cooling down to room temperature, 

0.6 mL hot Br2 was added in several portions to the solution in a duration of 10 min. The mixture 

was then kept at room temperature for 40 min. The syrupy solution was co-evaporated with 3 mL 

dioxane, after which 12 mL anhydrous THF was added to cause solid precipitation. The mixture 

was cooled in the fridge at 4℃ for 20 min. The white solids were collected, washed with 4 × 5 mL 

THF, air-dried for 10 min, and further dried under vacuum for 20 min to obtain L-[17O5]cysteic 

acid monohydrate. The white powder was then re-dissolved in regular H2O (1.2 mL). The solution 

was transferred into an NMR tube, heated at 80℃ for 15 hrs. The process was monitored by 

solution-state 17O NMR, until the signal indicating 17O labels on carboxylate group (around 260 

ppm) disappear. The solution was then dried with N2 gas flow, and further dried under vacuum 

overnight to obtain 183 mg L-[17O3]cysteic acid monohydrate as a white powder. The 17O 

enrichment level in the product was determined as 23% by solution-state 17O NMR experiment. 

This 17O-labeled compound was prepared by Dr. Xianqi Kong. 

[17O3]-3-Pyridinesulfonic acid 

200 mg 3-pyridine sulfonyl chloride, which is a viscous liquid at room temperature, was measure 

out in a 5 mL pressure tube. 30 μL 40% 17O enriched H2O was added to the tube. The mixture was 

heated at 50℃ for 90 min. White solids appeared during the reaction. The solids were collected 

and dried under vacuum overnight to obtain 174 mg [17O3]-3-pyridinesulfonic acid as dry white 
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powder. The 17O enrichment level in the product was estimated to be around 30% based on the 

S/N level in its 17O SSNMR spectra. 

 

[17O3]-p-Toluenesulfonic acid monohydrate 

The 17O labeled TSA sample was prepared following a modified procedure reported in the 

literature.251 100 mg p-toluenesulfonyl chloride was measured in a 5 mL pressure tube with 

addition of 30 μL 40% 17O enriched H2O. The mixture was heated for 6 hrs at 110℃. The liquid 

product was cooled to room temperature to obtain solids, then dried under vacuum overnight. 1 

mg of the powder was used for 1H NMR experiment. The spectrum showed a mixture of the 

reactant and the desired product, indicating that the reaction is incomplete. The whole procedure 

was repeated once, then the 1H spectrum only showed signals for the desired product. 1H NMR 

spectra are shown in Figure 4.1. The solids collected were recrystallized from ethanol-water 

mixture and then dried under vacuum to obtain 90 mg [17O3]-p-toluenesulfonic acid monohydrate 

as fine white powders. The 17O enrichment level in the product was estimated to be around 10% 

based on the S/N level in its 17O SSNMR spectra. 
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Figure 4.1. Solution-state 1H NMR spectra monitoring the progress of the TSA reaction. (a) 
Mixture of the reactant and the product for the incomplete reaction. (b) Pure product for the 
complete reaction. Solvent: CD3CN. 
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4.2.2 Solid-State 17O NMR Experiments 

 VT 17O SSNMR spectra recorded with stationary samples were obtained at 11.7 T and 16.4 

T. The spin-echo pulse sequence follows the same setups as those in Section 3.2.1, except that 

different recycle delays (d1) between 2 and 5 s were used due to the longer 17O T1’s for the sulfonic 

acids. The signals were recorded in acquisition cycles until a reasonably high S/N ratio (e.g., S/N > 

10) was reached.  

 

4.2.3 Computational and Simulation Details 

 The utilized crystal structures for quantum chemical calculations were optimized from the 

literature X-ray diffraction CIF files for CA and PSA.252,253 A neutron diffraction structure for TSA 

was used directly for SSNMR calculations due to its high accuracy.254 The 17O EFG tensor 

parameters were calculated using BAND.255 The GGA BLYP density functional216,217 and the 

TZ2P basis set256 without frozen cores was employed. The scalar relativistic ZORA effect218,219 

was added in the setup as well. The k-space and the computational quality were both set to the 

level of “good”. Regarding the chemical shielding tensor calculations, cluster models were built 

from the crystal structures and the calculations were performed with ADF.257 The reason behind 

was described in Section 2.4.2. In ADF calculations, the basis set level is also TZ2P. The popular 

B3LYP hybrid density functional258 was used with the addition of scalar ZORA effect.259–262 The 

output results from BAND and ADF were process following the procedure described in Section 

2.4.2.  

The experimental static VT 17O NMR spectra were simulated using Express 3.0. For the 

simulations, tensor parameters and orientations were initialized using the reference values reported 
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in the previous work,132 as well as the results from quantum chemical calculations. The entries for 

simulations were then adjusted based on the VT 17O NMR lineshapes until reasonable matches 

were reached. Notably, to simplify the determination of Euler angles, EFG tensor orientation from 

one of the three oxygen sites in SO3⁻ was self-referred as the molecular frame (MF).  

Potential energy surface (PES) scan calculations were performed in order to obtain 

theoretical rotational energy barriers for SO3⁻ motions. PES scan is a relatively new feature driven 

by the AMS engine.263 Initially, we attempted to run the calculation via the BAND program. 

However, it was discovered that PES scan requires a large amount of resources. The constrained 

optimizations in the full lattice frames are highly time-consuming. In addition, it exhausting to 

restart the calculation once one optimization of the intermediate structures failed to converge. 

Hence, BAND is not very useful in this case. Later on, tests on DFTB264 for PES scans were 

successful. As mentioned earlier in Section 2.4.2, DFTB serves as a fast approximation to yield 

results for macromolecules or complex periodic systems in reduced timescales. It makes uses of 

minimized basis, pre-calibrated parameters and only nearest-neighbour interactions plus 

corrections based on the models. For the sulfonic acid systems under study, it was found that DFTB 

would provide reasonable PES scan results within an hour. In this study, the Slater-Koster based 

DFTB model with third order self-consistent charge extension (DFTB3)265 was used. The 

parameter set, which is similar to the concept of basis set in DFT calculations, is set as 3ob-3-1.265–

267 Extra dispersion correction of D3-BJ was added. The k-space level is set by default, and the 

crystal frame was fixed during the PES scan calculation. 

In the PES scan calculations, the SO3⁻ rotations are to be imitate to yield theoretical 

rotational energy barrier. Thus, one of the three oxygen atoms in SO3⁻ is forced to move toward 

the neighbouring oxygen site by modifying the dihedral angle around the S-C bond, and the third 
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oxygen will move accordingly due to the group symmetry. In this way, the reaction coordinate for 

the SO3⁻ motion is the rotational angle, which scans a range of about 120°. For the six compound 

systems, the energy was calculated from the optimized geometry at every 10° along the SO3⁻ 

rotational pathway, with a total of 13 points recorded during the scan. Since DFTB uses fast 

approximations, some assumptions were made to obtain reasonable results. To be more realistic, 

all SO3⁻ groups in the unit cell were assumed to rotate simultaneously. It was found that the 

calculated energy barrier would be significantly higher if only one sulfonate group is allowed to 

rotate. Moreover, it was discovered that translational shifting of molecules could occur during the 

calculation. Therefore, all S atoms were fixed in position in the calculation. In addition, the 

backbones of the amino sulfonic acids (T, HT, ABSA and CA) are relatively flexible. To avoid 

bond folding during the scan, additional dihedral constraints were applied on N, C, and S atoms. 

The minimum energy pathway (MEP) plot for the sulfonate rotation is obtained from the calculated 

energies. Since it is difficult to locate a structure that is closest to the transition state (TS) of the 

motion, the TS optimizations rarely converged. Therefore, the Ea was calculated as the difference 

between the lowest and highest energy points, and averaged by the number of SO3⁻ groups in the 

unit cell. 

 

4.3 Results and Discussions 

4.3.1 17O NMR Spectral Analysis 

 Experimental and simulated 17O powder spectra of CA recorded at 11.7 T and 16.4 T are 

shown in Figure 4.2. The VT spectra show similar lineshapes to those previously reported for 

sulfonic acids.132 Specially, it can be seen that the spectra under ultra-slow motions for SO3⁻ were 
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obtained at significantly low temperatures. At around 150 K, the spectrum displays a typical static 

CT lineshape formed by the second-order QC effects and the shielding interactions. As the 

temperature increases, the typical sharp features started broadening out which leads to an obvious 

lineshape transition at around 197 K. After the coalescence temperature, the fast rotations in the 

sulfonate groups averaged the SSNMR effects in the lineshapes. The line width also shrinks from 

over 500 ppm to less than 300 ppm, as seen in the 11.7 T spectral sequence. Due to the limitation 

of the cooling system on the Bruker NEO-700 spectrometer, the VT spectra obtained at 16.4 T for 

CA and PSA only covered a part of the exchange process. However, they still serve as important 

roles in the energy barrier analysis. 

Figure 4.2. Experimental (blue traces) and simulated (black traces) VT 17O static powder NMR 
spectra of CA recorded at 11.7 T and 16.4 T.  
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We performed the same experiments for PSA and TSA at 11.7 and 16.4 T, and the results 

are displayed in Figures 4.3 and 4.4. The two compounds exhibit very similar 17O NMR spectra. 

It should be noticed that the 17O spectra for PSA were recorded at a similar temperature range to 

CA. However, the exchange effects in TSA started at a relatively higher temperature around 200 

K. It is interesting to note that from the lowest spectra in the 16.4 T sequences, for which the TSA 

still shows a slow-exchange lineshape. This indicates that the sulfonate rotation in TSA potentially 

acquires a much higher 𝐸𝐸a than those in the other two compounds. Moreover, the coalescence 

temperature for PSA appears around 196 K, which is similar to CA as well. In contrast, the 

lineshape transition for TSA happens above 230 K. This phenomenon is also introduced by the 

higher rotational  𝐸𝐸a of SO3⁻ in TSA. The simulated spectra produced by Express well matched 

the features in the VT lineshapes for all three systems.  

 

Figure 4.3. Experimental (blue traces) and simulated (black traces) VT 17O static powder NMR 
spectra of PSA recorded at 11.7 T and 16.4 T.  
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Figure 4.4. Experimental (blue traces) and simulated (black traces) VT 17O static powder NMR 
spectra of TSA recorded at 11.7 T and 16.4 T.  

 

Again, the tensor parameters and orientations were assumed to be invariant of magnetic 

field strengths or temperatures. The experimental and calculated 17O NMR parameters are included 

in Table 4.1. As shown in the table, the computational results have high reliability on the key 

parameters. For CA, the SSNMR tensor parameters do not differ a lot among the three oxygen 

sites. Therefore, the same set of parameters is used in the simulation. Moreover, we discovered 

that the spectral lineshapes are only sensitive to a few parameters during the simulation process. 

For example, it was found that the lineshapes are almost invariant of the α components in the Euler 

angles. As a consequence, some parameters reported in Table 4.1 have large variations since they 



129 
 

are rough estimations. As mentioned earlier in Section 2.2.1 and 2.2.2, the quadrupolar powder 

lineshapes and line widths are highly dependent on the principal components of QC and CSA 

tensors. In the simulations, the parameters defined by the principal components (CQ, δiso, etc.) are 

adjusted accordingly. Besides, it was also noticed that, the β Euler angles would greatly affect the 

static lineshapes. As defined by the program, the Euler angles in Table 4.1 describe the relative 

orientations between CSA and EFG tensors. Therefore, the β defines the angles between the Vzz 

and δzz principal axes in the two tensors. It should be pointed out that, the two axes both tend to 

align with the S-O bonds in the crystals, as discovered previously.88,132 The fact is reflected in the 

small values of β angles. It also explains the reason for the lineshape sensivity, since the angles 

are related to the fundamental geometries in the functional groups.  
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Table 4.1. Experimental and computed 17O NMR tensor parameters used in spectral simulations 
for CA, PSA and TSA.a 

Compound  Site 
CQ 

(MHz) 
ηQ 

δiso 

(ppm) 

Δδ 

(ppm) 
η α (°)b β (°) γ (°) 

CA 

Exp. O1 -6.90 0.10 175 -75.0 0.25 20 8 20 

 O2 -6.90 0.10 175 -75.0 0.25 20 8 20 

 O3 -6.90 0.10 175 -75.0 0.25 20 8 20 

Comp. O1 -8.03 0.13 195 -90.0 0.13 13 8 27 

 O2 -7.97 0.07 184 -81.5 0.39 -42 11 165 

 O3 -8.06 0.14 187 -100.0 0.30 159 9 60 

PSA 

Exp. O1 -7.02 0.25 180 -66.0 0.20 -90 10 70 

 O2 -6.83 0.20 180 -48.0 0.77 -40 10 0 

 O3 -6.80 0.20 173 -62.0 0.20 40 8 160 

Comp. O1 -8.07 0.12 180 -66.0 0.18 0 14 70 

 O2 -7.85 0.13 209 -48.1 0.78 52 0 0 

 O3 -7.68 0.19 183 -62.4 0.51 -49 8 160 

TSA 

Exp. O1 -7.44 0.21 166 -80.0 0.55 69 10 -30 

 O2 -7.49 0.20 180 -78.0 0.40 -11 10 0 

 O3 -7.28 0.15 167 -70.5 0.70 -6 15 55 

Comp. O1 -7.20 0.19 151 -87.9 0.35 11 20 63 

 O2 -7.40 0.17 192 -78.3 0.40 69 10 -80 

 O3 -7.30 0.05 167 -80.5 0.57 -86 8 65 

aThe experimental errors are typically CQ = ± 0.5 MHz, ηQ = ± 0.05, δiso = ± 10 ppm, Δδ = ± 10 
ppm, η = 0.1, α = ± 40°, β = ± 2°, and γ = ± 20°. bThe Euler angles represent the relative orientations 
between the EFG tensors and the CSA tensors. 
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4.3.2 Rotational Energy Barrier Analysis 

 As the simulations were successfully obtained for the VT 17O NMR spectra, the Arrhenius 

plots could be generated for the rotational energy barriers. Figure 4.5 shows the scatter plots based 

on the experimental data in Figure 4.2-4.4 for all three crystalline sulfonic acids. As seen in the 

figure, some data points for CA and PSA overlaps on the graph, indicating similar 𝐸𝐸a values as 

discussed for the VT spectra. In comparison, a higher 𝐸𝐸a value is expected from the steep line for 

TSA. From the linear regressions, the activation energies in the Arrhenius equation yielded 𝐸𝐸a = 

27 ± 5, 30 ± 5, and 45 ± 5 kJ/mol for CA, PSA, and TSA, respectively. These values are not 

significantly different from the energies reported in the previous work.132 The general trend in 𝐸𝐸a 

values for the three compounds are also inferred by the obtained VT spectra. As seen from Figure 

4.2-4.4, the exchange effects in the spectra of both CA and PSA start from some temperatures 

below -100℃, whereas TSA still acquires a typical “static” lineshape at around 200 K. In addition, 

CA and PSA both reach the coalescence temperatures at around 200 K. In comparison, TSA 

possesses a coalescence temperature at around 240 K or even higher, which indicates a much 

higher barrier. Therefore, the exchange lineshapes can provide a straightforward view of relative 

scales for 𝐸𝐸a. 
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Figure 4.5. Arrhenius plots of SO3⁻ dynamics in CA, PSA and TSA obtained using the 17O NMR 
data shown in Figure 4.2-4.4. 

 

In order to fully understand and verify the experimental results, the rotational energy 

barriers were also studied theoretically by PES scan calculations. As described earlier, the energies 

are recorded along the SO3⁻ rotational trajectories, which were defined by the dihedral angles. To 

expand the scopes, the calculations were also performed on T, HT and ABSA using crystal 

structures reported in literatures.41,132,268 The MEP plots for CA, PSA and TSA are shown in Figure 

4.6 as examples. The energy values shown in the plot are averaged values for single SO3⁻ rotations, 

and the reaction coordinate has been converted to the fractional scale of the rotational trajectory. 

The starting point of the fractional coordinate stands for the original structure, and the end point 

relates to the new system after the movement of the oxygen site. For each plot, the structure with 

the lowest energy is referred as the ground state (GS), and the highest point in the curve is 
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considered as the transition state (TS). As seen in the figure, the first and last scanning points both 

acquire energies around zero in each plot. This validates the 3-fold rotation model for sulfonate 

groups. The coordinate and magnitude for the TS vary for each compound. The rotational energy 

barriers calculated from the potential energy gaps in the plots are 20, 32 and 45 kJ/mol for CA, 

PSA and TSA, respectively. Similar plots generated for T, HT and ABSA yielded 54, 48, and 47 

kJ/mol. It is worth to note that, these results remarkably improved comparing with the theoretical 

energy barriers in the previous work.132 Although the trend in the previously calculated 𝐸𝐸a’s was 

consistent with the experimental results, the magnitudes were significantly larger. The reductions 

in the current results are due to the geometry optimizations along the rotation trajectories, whereas 

single point energies from manual rotations were reported in the previous work. Besides, most 

compounds under study show “uneven” shapes on the MEP plots in Figure 4.6, indicating that 

additional effects are introduced in the structures during the SO3⁻ rotations. Therefore, more efforts 

are required to understand the experimental and computational results. Combining with the 

experimental results, the correlation plot for all six sulfonic acids is shown in Figure 4.7. 

Reasonable agreement can be seen from the quality of the linear fit. 
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Figure 4.6. DFTB PES scan curves along the SO3⁻ rotational trajectories for (a) CA, PSA and 
TSA and (b) T, HT and ABSA. 
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Figure 4.7. Correlation plot of the experimental and calculated SO3⁻ rotational energy barriers for 
T, HT, ABSA, CA, PSA and TSA.  

 

4.3.3 Hydrogen Bonding Effects 

 As mentioned earlier, sulfonate groups in the compounds under study are connected to the 

neighbouring molecules via intermolecular H-bonds. Thus, the rotation of SO3⁻ in the crystalline 

solids must break the H-bonds around the group. The rotational energy barrier must be linked to 

H-bonding strength in the individual compound. In the past, quite a few studies have reported that 

the activation energies of molecular motions are directly related to the H-bonding strengths around 

the functional groups, such as the flipping motion of hydrates in solids,74 NH3⁺ rotations,55 flipping 

in carboxylates139 and SO3⁻ rotations.132 Figure 4.8 displays the H-bonding structures in the GS 

crystals for the six sulfonic acids. As seen in the figure, the oxygen sites in all sulfonate groups 

serve as acceptors in O···H−N and O···H−O hydrogen bonds. The H-bonding lengths shown in 

the figure are the donor-acceptor distances. In addition, multiple H-bonds may exist around one 
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oxygen site. Hence, the H-bonding strengths in the six systems are expected to differ substantially 

from each other. A more detailed report of H-bonding structures in the GS for the six compounds 

is attached in Table 4.2. 

 

Figure 4.8. H-bonding frameworks around SO3⁻ in the six crystalline sulfonic acids under study. 
Only atoms participating in the H-bonds in the crystals are shown (H: grey, O: red, N: blue, S: 
yellow). The H-bond lengths are shown as the distances between the two heavy atoms.  

 

In the by Kong et al., the H-bonding strengths in solids were estimated using an empirical 

equation: 
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𝐸𝐸HB = −A0(1/rH∙∙∙O)3.8     (57) 

Here, rH∙∙∙O is the distance between the proton and the donor site (oxygen or nitrogen). A0 is a 

constant of 0.55 ×  1010 kJ/mol  as reported for the sulfonic acid systems by Kong et al.132 

Previously, the total H-bonding energies for T, HT and ABSA were estimated to be 48, 39, and 46 

kJ/mol, respectively. These values had been directly correlated to the experimental results of 48 

(T), 42 (HT), and 45 kJ/mol (ABSA).132 Therefore, it was assumed that the rotational energy 

barriers would reflect the relevant H-bonding strengths in a straightforward manner. However, the 

model failed to work in the current study. For example, CA has four H-bonds around the SO3⁻ in 

the GS as shown in Figure 4.8. In contrast, only one oxygen site in the SO3⁻ is involved in H-

bonding interactions for PSA. Under this circumstance, it is not difficult to expect a considerably 

stronger -𝐸𝐸HB in CA. However, our experimental 𝐸𝐸𝑎𝑎 results of 27 kJ/mol for CA and 30 kJ/mol 

for PSA show the opposite fact. In addition, the -𝐸𝐸𝐻𝐻𝐵𝐵  calculated for the three short-distance 

O···H−O existing in TSA is 91 kJ/mol, but the experimental result yielded 45 kJ/mol. The big 

discrepancy is not reasonable to be considered as an error. In fact, the intermediate structures of 

SO3⁻ rotations in the PES scans were investigated. It was noticed that H-bonding effects exist along 

the trajectory, even in the TS. This phenomenon was not totally unanticipated since some groups 

involved in the H-bonding interactions are flexible as well, such as the NH3⁺ groups in the amino 

sulfonic acids. In conjunction with the sulfonate rotations, “new” H-bonds may form due to the 

movements in the neighbouring groups. An example is shown in Figure 4.9 as the calculated TS 

structure for SO3⁻ dynamics in CA. As indicated on the figure, the oxygen sites are still involved 

in considerable level of H-bonding interactions with the NH3⁺ and H2O groups. As a consequence, 

the net potential energy barrier is lowered for CA. This effect could also be viewed from the MEP 

plot. In Figure 4.6, the MEP curve of CA shows an irregular shape, where a local minimum occurs 
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in the middle part. Clearly, it is caused by the new H-bonds formed during the movement. In 

contrast, PSA acquires only one H-bond in the GS, which is connected with the pyridine ring. 

Unlike CA, the ring structure in PSA is not flexible enough to form strong H-bond along with the 

SO3⁻ rotation. Thus, a typical-shaped MEP was obtained for PSA. Similar effects were discovered 

for some other compounds, such as TSA which contains the rotating H3O⁺ groups. A detailed 

report of H-bonding geometries of all six compounds are listed in Table 4.2.  

 

Figure 4.9. Molecular structure of CA in the TS of the SO3⁻ jumps with H-bonding details for the 
oxygen sites generated from the PES scan calculation. 
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Table 4.2. Hydrogen bond geometries and energies for experimental ground state (GS) crystal structures and calculated transition state 
(TS) structures of six crystalline sulfonic acids under study. 

   GS TS 

Compound 
SO3⁻ 

Group # 
Site RA···H (Å) RD···A (Å) ∠A···H—D (°) -EHB (kJ/mol) RA···H (Å) RD···A (Å) ∠A···H—D (°) -EHB (kJ/mol) 

CA 

1 

O1 
1.99 2.94 150.0 11.2 2.18 3.10 146.2 8.0 

1.91 2.94 169.0 13.1 1.76 2.78 164.9 17.9 

O2 1.78 2.76 176.5 17.1 2.03 2.98 163.6 10.4 

O3 1.80 2.75 165.3 16.4 1.89 2.86 173.6 13.7 

2 

O1 
    2.18 3.10 146.5 8.0 

    1.76 2.78 164.9 17.9 

O2     2.03 2.98 163.4 10.4 

O3     1.88 2.86 173.6 13.9 

3 

O1 
    2.18 3.10 146.5 8.0 

    1.76 2.79 164.9 17.9 

O2     2.03 2.98 163.6 10.4 

O3     1.88 2.86 173.6 13.9 

4 
O1 

    2.18 3.09 146.1 8.0 

    1.76 2.78 165.0 17.9 

O2     2.03 2.98 163.5 10.4 



140 
 

O3     1.89 2.86 173.7 13.7 

     Total = 57.9a    Total = 50.1 

PSA 

1 O1 1.75 2.73 157.6 18.3 1.86 2.83 155.1 14.5 

2 O1     1.90 2.86 153.3 13.4 

3 O1     1.92 2.87 150.7 12.9 

4 O1         

5 O1     1.88 2.84 154.0 13.9 

6 O1     1.80 2.83 168.9 16.4 

7 O1     1.87 2.85 156.0 14.2 

8 O1     1.84 2.85 163.1 15.1 

     Total = 18.3    Total = 12.6 

TSA 

1 

O1 1.52 2.54 169.9 31.1 N/A  

O2 1.53 2.54 174.1 30.4 1.65 2.65 178.0 22.8 

O3 1.54 2.55 174.0 29.6 1.50 2.45 152.0 32.7 

2 

O1     N/A  

O2     1.65 2.65 178.0 22.8 

O3     1.50 2.45 152.1 32.7 

3 

O1     1.48 2.49 167.2 34.4 

O2     1.53 2.49 155.6 30.4 

O3     1.56 2.56 166.4 28.2 
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4 

O1     1.48 2.49 167.2 34.4 

O2     1.53 2.49 155.6 30.4 

O3     1.56 2.56 166.4 28.2 

     Total = 91.1    Total = 74.3 

T 

1 

O1 

2.21 2.78 113.1 14.2 N/A  

1.86 2.87 160.9 6.8 N/A  

2.31b 3.08 129.6 7.8 N/A  

O2 1.86 2.87 160.8 16.4 N/A  

O3 2.32 3.08 129.3 5.6 1.80 2.75 149.2 16.4 

2 

O1     1.87 2.80 147.9 14.2 

O2     N/A  

O3     N/A  

3 

O1     1.95 2.93 155.1 12.1 

O2     1.79 2.75 152.1 16.8 

O3     1.91 2.83 145.7 13.1 

4 

O1     1.78 2.74 150.0 17.1 

O2     1.78 2.81 169.1 17.1 

O3     N/A  

     Total = 50.9    Total = 26.7 

HT 1 O1 2.21 2.78 113.1 7.6 2.12 3.03 145.7  
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O2 
1.86 2.87 160.9 14.5 1.86 2.87 162.8  

2.31 3.08 129.6 6.4 N/A  

O3 
1.86 2.87 160.8 14.5 1.94 2.85 145.1  

2.32 3.08 129.3 6.3 N/A  

2 

O1     N/A  

O2 
    1.86 2.78 144.9  

    1.86 2.85 154.8  

O3     N/A  

     Total = 49.3    Total = 32.4 

ABSA 

1 

O1 
1.95 2.96 164.9 12.1 N/A  

1.83 2.83 159.6 15.4 N/A  

O2 2.40 2.97 113.0 5.5 1.74 2.73 156.8 18.7 

O3 1.86 2.77 144.0 14.5 2.16 3.18 173.0 8.2 

2 

O1     2.11 3.13 172.5 9.0 

O2     1.71 2.72 159.3 20.0 

O3     N/A  

     Total = 47.6    Total = 30.0 

aThe total hydrogen bond energy is defined as the averaged hydrogen bond energy per SO3ˉ group in the unit cell.
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Considering this evidence, we hypothesize that it is vital to consider contributions in H-

bonding effects from both ground states and transition states. For sulfonate dynamics, the oxygen 

sites must overcome the H-bonding energies in the GS to jump around. Upon the broken of the H-

bonds, new H-bonds formed in the intermediate structures would reduce the energy barrier of the 

SO3⁻ dynamics. Based on the parameters, the total hydrogen bonding energies in the GS and TS 

were calculated for each compound using Equation 57. It was recognized that the formation of H-

bonds is ambiguous in some cases. Low linearities in H-bond angles would greatly reduce the 

strengths. Consequently, we only considered the potential H-bonds with O···H−N or O···H−O 

angles greater than 140°. In the GS, the H-bonding structures are identical for each SO3⁻ in the unit 

cell due to the group symmetry. However, the symmetry is broken by the SO3⁻ jumps, thus slight 

variations were observed in H-bonding parameters in the TS. Therefore, the averaged values of -

EHB were reported for the TS.  Based on the hypothesis, a strong correlation was found between 

the experimental 𝐸𝐸a values and the H-bonding energy differences in the GS and the TS (𝐸𝐸HB(GS) 

- 𝐸𝐸HB(TS)), as shown in Figure 4.10. 

To provide detailed insights into the new model’s rationality, TSA and ABSA are discussed 

as examples here. As seen in Figure 4.8, TSA has three strong H-bonds in the GS, each connects 

the oxygen site with the nieghbouring hydronium. The -EHB values of the three bonds add to 91 

kJ/mol. However, due to the flexibility of the H3O⁺ groups, strong H-bonding effects still exist in 

the TS, with a total of 74 kJ/mol. As a result, the H-bonding energy difference is only moderate 

for TSA, which is 91(GS) – 74(TS) = 17 kJ/mol. In comparison, ABSA acquires moderate H-

bonding strength in the GS of 48 kJ/mol, and the energy difference was found to be 48(GS) – 

30(TS) = 18 kJ/mol. Although the two compounds have drastically different H-bonding structures 

in the GS, the differences in -𝐸𝐸HB between the GS and the TS are very similar. Consequently, the 
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experimental 𝐸𝐸a’s also show similar values of 45 and 46 kJ/mol for TSA and ABSA, respectively. 

The model also explains the direct correlation built in Kong et al.’s work.132 For T, HT and ABSA, 

the H-bonding energies in the TS happened to be similar. Therefore, the trend in experimental Ea 

values is still consistent with the -EHB values in the GS. The fact has further explained some earlier 

discoveries mentioned in this thesis, such as the big difference in rotational barriers found for NO2ˉ 

and NO3ˉ ions.140,220 

 

Figure 4.10. Correlation between experimental activation energies and calculated H-bonding 
energy differences for SO3⁻ dynamics in CA, PSA, TSA, T, HT and ABSA.  

 

 An interesting thing is that, the y-intercept of the linear regression in Figure 4.10 could be 

considered as the intrinsic rotational barrier of SO3⁻ groups. To be more specific, it is the energy 

for SO3⁻ to undergo 3-fold jumps in the crystal lattice frames if the H-bonding effects are absent. 

The equation in Figure 4.10 yielded an average value of about 21 kJ/mol for the sulfonic acids 

under study. In reality, it is difficult to build models based on the real crystal frames to calculate 

the intrinsic barriers. In addition, it is important to note that, if we relax the criterion to determine 

the formation of H-bonds (O···H−N or O···H−O angles larger than 140°), more H-bonds will be 
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included in the -EHB calculations for the TS. In this case, the data points in Figure 4.10 will be 

significantly scattered. 

 

4.4 Conclusions 

 In this study, the SO3⁻ jump dynamics in crystalline sulfonic acids were investigated. VT 

17O NMR power spectra were obtained for CA, PSA and TSA. The rotational energy barriers were 

determined by quadrupolar lineshape analysis. Combining with the previous literature work,132 

computational study on the energy barriers were performed to the six sulfonic acid systems. DFTB 

was discovered as a useful tool to study the SO3⁻ motions. The energy barriers produced by PES 

scan calculations are in good agreement with the experimental results. Most importantly, the study 

has provided more insights in the hydrogen bonding effects in the crystalline sulfonic acids. It was 

discovered that additional hydrogen bonds could form in the transition state. A strong correlation 

was found between the experimental SO3⁻ jump barriers and the differences between calculated 

hydrogen bonding energies in the ground state and the transition state. There is no reason to doubt 

the application of this model to the molecular motion studies on other hydrogen bonded systems. 

Moreover, it would be promising to test the DFTB-PES scan calculations on more types of 

molecular motions, such as NH3⁺ rotations and water flipping. The success in this work could 

potentially serve as a valid and efficient approach for molecular dynamics studies in other 

molecular systems. 
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Chapter 5 Carboxylate Rotational Dynamics in Crystalline Carboxylic Acids 

5.1 Introduction 

 Carboxylic acids are a class of organic compounds containing the carboxyl function group 

(R-COOH). The proton in the acid group can dissociate, leaving behind a carboxylate ion. As 

shown in Scheme 5.1, the negative charge on the carboxylate group is delocalized between the two 

oxygen atoms. The sp2 hybridized carbon and oxygen atoms give the carboxyl group a planar 

trigonal geometry.  

 

Scheme 5.1. Resonance structure in carboxylate group. 

 

Carboxylic acids are common organic compounds. The most typical examples are amino 

acids or fatty acids. As described in earlier chapters of this thesis, a large body of literature exists 

concerning NH3⁺ dynamics in amino acids. In comparison, the flipping motions of the carboxylate 

groups (COO⁻) were rarely studied. Similar to other oxygen-containing functional groups, the 

crystal packings in carboxylic acids are strongly dependent on the intermolecular hydrogen bonds. 

In 2017, Lu et al. reported a solid-state 17O NMR study on crystalline nicotinic acid (NA).139 NA, 

also generally known as vitamin B3, has a molecular structure with a carboxyl group attached to a 

pyridine ring. In the crystal lattice, neighbouring NA molecules are connected by O-H···N 

hydrogen bonds. Lu et al. showed that the O-H···N H-bond in crystalline NA is a low-barrier 

hydrogen bond (LBHB). That is, the proton between the O and N atoms is significantly delocalized 
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because the potential energy barrier for the proton movement is near the zero-point energy.158,269,270 

This LBHB phenomenon occurs when the pKa values of the functional groups connected by the 

H-bond are very close. As illustrated in Figure 5.1, the position of the proton in the O-H-N 

hydrogen bond is dependent on the pKa difference between the donor and acceptor sites. For a big 

discrepancy, the proton will be covalently bonded to the site with the higher pKa value. For LBHB, 

the two pKa values are comparable so the proton is neither directly bonded to the donor nor the 

acceptor. In NA, the pKa values of the carboxyl group and the pyridinium group are very 

similar.271–273 Therefore, the O···H···N hydrogen bond in NA is classified as a LBHB, as stated 

by Lu et al.139 

 

 

Figure 5.1. Potential diagrams and bonding schemes for the proton transfer between the 
carboxylate group and the pyridine ring. (a) O−H···N type H-bond. (b) O···H···N LBHB. (c) 
O···H−N type H-bond. (Reproduced from Ref.136) 

 

 If the functional group with the acceptor site is the pyridine ring, the COO⁻ would not 

experience any H-bonding interaction in the transition state of the flipping motion. Hence, as the 

carboxylate group rotates, the intermolecular H-bond is broken and the proton would move 

towards the nitrogen site to seek for the optimal lower energy arrangement. It could be explained 

by Figure 5.1 where the potential energy curves for the H-bonds show “double-well” shapes, 
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depending on the bonding condition. In NA, the donor and acceptor sites acquire similar degrees 

of proton affinities. Consequently, the proton transfer has a very low energy barrier, as seen in 

Figure 5.1.(b). Therefore, the energy barrier of the COO⁻ flipping is mostly from the strength of 

the LBHB. In the work by Lu et al.,139 VT 17O MAS NMR spectra were recorded at 21.1 T. The 

enthalpy barrier for flipping was determined to be 48 ± 2 kJ/mol. The DFT calculation yielded an 

intrinsic rotational barrier of about 16 kJ/mol for COO⁻ in NA if the H-bonding effects are absent. 

Therefore, the strength for the LBHB was determined as a moderate value of 32 kJ/mol. In addition, 

DFT molecular dynamics simulation had provided a double-well potential barrier of only 2 kJ/mol 

for the LBHB.139 This indicates that the proton is almost free to transfer from the donor O atom to 

the acceptor N atom upon the rotation of COO⁻ group. 

 For crystalline carboxylic acids containing O-H-N hydrogen bonds, various degrees of 

proton migration effects were observed.274–277 In the H-bonding model, the proton could appear 

near the donor, the acceptor or the center of the bridge connecting the two heavy atoms. The degree 

of the proton transfer would greatly determine the strength of the H-bond. Usually, if the proton is 

found near the center of the H-bonding bridge, the H-bond would be relatively strong. This is due 

to the shortening of the O-N distance from the proton position. Among these, the proton transfer 

mechanism in crystalline pyridinium 2,4-dinitrobenzoate (Py-2,4-DNB) and the complex of 3,5-

dinitrobenzoic acid and 3,5-dimethylpyridine (3,5-DNB-DMP) were investigated in single-crystal 

neutron diffraction studies.276,277 The proton in Py-2,4-DNB was found to be near the acceptor N 

atom,276 whereas in 3,5-DNB-DMP it appears closer to the donor atom O.277 Figure 5.3 displays 

the molecular structures of the two compounds and the corresponding H-bond lengths determined 

by neutron diffraction at 300 K.276,277 For comparisons, the X-ray diffraction structure of NA at 

180 K is also shown in Figure 5.3. As seen from the H-bonding schemes, the O···N distances in 
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the two compounds are much shorter than that in NA. Moreover, although the O and N sites in the 

H-bond acquire different proton affinities, the protons are found close to the H-bond bridge center 

in both compounds. Consequently, high H-bonding strengths are expected for the two compounds. 

In this chapter, we set out to use solid-state 17O NMR to probe the 2-fold rotations of carboxylate 

groups in Py-2,4-DNB and 3,5-DNB-DMP. In addition, insights into the proton behaviours in the 

hydrogen bonds in NA are provided by DFT calculations. By studying the two additional 

carboxylic acids, we aim to obtain comparative data for the carboxylate dynamics. Combining 

with the molecular geometries, the relation between the rotational barriers and the H-bonding 

details will be discussed. 
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Figure 5.2. Molecular structures, hydrogen bonding schemes and oxygen site numberings for (a) 
NA structure was determined from X-ray diffraction at 180 K. (b) 3,5-DNB-DMP and (c) Py-2,4-
DNB determined from neutron diffraction at 300 K.276,277 
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5.2 Experimental and Computational Details 

Preparation of the adduct of 3,5-dinitro-[17O2]benzoic acid and 3,5-dimethylpyridine. The 17O 

labeled 3,5-dinitrobenzoic acid was prepared in a revised procedure from the synthesis steps 

reported in Lu et al.’s work.139 200 mg 3,5-dinitrobenzoic acid was measured in a 5 mL pressure 

tube. 140 μL of 40% 17O enriched H2O was added to the tube, following by the addition of 1.5 mL 

HCl (4 M in dioxane). The mixture was heated in an 80 ℃ oil bath for 1 hr, and then heated at 

110 ℃ overnight. The reacted mixture was put on the rotary evaporator until a very viscous 

solution is achieved. The solution was transferred to a 25 mL round bottom flask, with the aid of 

some acetonitrile. 110 mg 3,5-dimethylpyridine, which is in liquid form at room temperature, was 

added to the flask. The mixture was stirred in 5 mL acetonitrile for 1hr in the flask. A gentle flow 

of N2 gas was then applied on the opening of the flask, until most of the solution turned into solids. 

The while solids were filtered out and dried under vacuum overnight. 210 mg [17O2]-3,5-DNB-

DMP complex was obtained. The 17O enrichment level was estimated as 25 % from solution-state 

17O NMR experiment. 

Preparation of pyridinium 2,4-dinitro-[17O2]benzoate. The synthesis and 17O-labeling procedure 

followed the same fashion as described above, except that the starting material was 200 mg 2,4-

dinitrobenzoic acid, and that 100 mg pyridine were added to 2,4-dinitro-[17O2]benzoic acid. The 

reaction yielded 150 mg product as white solids, and the 17O-enrichment level was estimated to be 

26% from solution-state 17O NMR experiment. 

1D solid-state 17O NMR experiments. All 17O MAS NMR spectra at 21.1 T were recorded by our 

collaborators. The 17O MAS spectra of [17O2]-3,5-DNB-DMP were obtained from the NHMFL 

(Tallahassee, Florida, USA), and those for Py-[17O2]-2,4-DNB were recorded at the National 

Ultrahigh Field NMR Facility for Solids (Ottawa, Canada). The spectra of [17O2]-3,5-DNB-DMP 
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complex were obtained with a 3.2 mm home-built MAS probe with the sample spinning frequency 

at 17 kHz, whereas a 2.5 mm MAS probe was used for Py-[17O2]-2,4-DNB with the sample 

spinning frequency at 15 kHz. The recycle delays (d1) were set to 0.1-2 s accordingly. The sample 

temperatures were calibrated using KBr as described by Thurber et al.278 T2 measurements for the 

17O ST signals were performed by for a static solid sample using the spin-echo pulse sequence at 

16.4 T. The transmitter frequency offset (O1P) was set to 7000 ppm in order to detect exclusively 

the ST signal.  

X-ray diffraction. The electron density map of nicotinic acid was determined using the X-ray 

diffraction method. The NA single crystal was obtained by slow evaporation of aqueous solution. 

The measurements were carried out on a Bruker AXS D8 Venture Duo diffractometer.  

Quantum chemical calculations. Quadrupole coupling calculations for 3,5-DNB-DMP complex 

and Py-2,4-DNB were performed using BAND179,255 with TZ2P basis set and GGA BLYP 

exchange functional.216,217 The neutron diffraction crystal structures reported in the literatures were 

utilized.276,277 Chemical shielding calculations were carried out on ADF177,279 with cluster models 

built from the crystal structures. TZ2P basis set and hybrid B3LYP functional were employed.258 

Potential energy surface (PES) scan calculations were attempted using DFTB264 with various 

combinations of computational models and parameter sets.  

Spectral simulations. 17O MAS NMR spectral simulations for 3,5-DNB-DMP complex were 

performed with Express 3.0.189 The model of two-site exchange was employed. The 17O tensor 

components and orientations were determined based on experimental parameters reported for 

NA139 and computational results. 
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5.3 Results and Discussions 

 Figure 5.3 shows the experimental and simulated MAS spectra sequences for 3,5-dinitro-

[17O2]benzoic acid and 3,5-dimethylpyridine. Similar to the case in NA, distinct peaks for the two 

oxygen sites can be seen on the spectrum at the slow exchange rate. This allows estimations of QC 

parameters as well as isotropic chemical shift values (δiso). The line widths in central bands and 

the side band effects are similar to those reported for NA,139 indicating that the SSNMR 

interactions are on the same order of magnitudes. Combining the experimental NA parameters and 

the output results from quantum chemical calculations, the simulation parameters for the 

reproduced exchange spectral sequence in Figure 5.3 are listed in Table 5.1. As seen in the table, 

the QC constant (CQ) and δiso for the oxygen site involved in the H-bonding (O1) are smaller in 

magnitude than those for the other oxygen (O2) in the carboxylate group. This is consistent with 

the observation in NA.139 Moreover, the differences in H-bonding schemes are also reflected in 

the tensor parameters. As shown in Figure 5.2, the O···N distances in 3,5-DNB-DMP are about 

2.54 Å, which are much shorter than those in NA (2.66 Å). Consequently, in comparison to the CQ 

of O1 in NA (7.0 MHz),139 a reduction is seen for 3,5-DNB-DMP (5.0 MHz) from Table 5.1 as 

expected.280 In addition, the H-bonded O1 site in 3,5-DNB-DMP acquires a much larger ηQ value. 

This is also indicated by the highly asymmetrical lineshape for O1 in the low temperature spectrum 

in Figure 5.3. 
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Table 5.1. Experimental and computational 17O NMR tensor parameters 3,5-DNB-DMP. 

Tensor Parameters 
O1 O2 

Computation Experiment Computation Experiment 

QC/EFG 

CQ (MHz) -6.3 -5.0 8.9 8.5 

ηQ 0.9 0.8 0.0 0.0 

α (degree)a 90 0 0 0 

β (degree)a 60 0 0 0 

γ (degree)a -90 0 90 0 

CSA 

δiso (ppm) 264 200 343 320 

Δδ (ppm) 244 -200 -482 -360 

η 0.8 0.6 0.2 0.6 

α (degree)b 45 -90 25 -90 

β (degree)b 90 90 90 90 

γ (degree)b -175 0 175 0 

aTensor orientations are defined with respect to the self-defined molecular frame. bTensor 
orientations are defined with respect to the corresponding PAS of EFG tensors. 
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Figure 5.3. Experimental and simulated VT MAS (17 kHz) 17O NMR spectra for 3,5-DNB-DMP 
obtained at 21.1 T. The values of kex are listed on the side of the simulated spectra. 
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 The proton positions in the H-bonds are also partially reflected in the 17O NMR tensor 

parameters. The negative CQ value in 3,5-DNB-DMP indicates that the proton is covalently bonded 

to O1, as demonstrated by some earlier works.91,142 In comparison, a positive CQ was reported for 

O1 in NA.139 Efforts were made to obtain more insights into the proton positions in the O-H-N 

hydrogen bonds. Figure 5.4 displays the electron density map for NA, which was generated by 

single-crystal X-ray diffraction data at 180 K. As seen from the electron density distribution, the 

proton acquires broad occupations across the O···N bridge. As mentioned earlier, covalent bonds 

are not formed in LBHBs, so proton is believed to shift across O···N in NA. Based on the 

diffraction data, the proton appears with a higher probability to be near the oxygen site. This 

observation remains at higher temperatures, as discovered in early works.281,282 The proton transfer 

effect in 3,5-DNB-DMP crystals was also investigated by VT neutron diffraction experiments.277 

It was revealed that the proton is covalently bonded with the oxygen site with an O-H bond length 

of 1.224 Å at 30 K. As temperature increases, the proton moves further toward the oxygen site 

with the O-H distance shortening to 1.150 Å at 330 K. 

 

Figure 5.4. X-ray diffraction electron density difference map for the vicinity of O···H···N 
hydrogen bond in NA crystal model excluding the H atom of interest obtained at 180 K. 
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 The distinct proton behaviours in the O-H-N hydrogen bonds are further examined by DFT 

calculations. Figure 5.5 illustrates the calculated energy plots as a function of O-H distances in NA 

and 3,5-DNB-DMP. In terms of the O-H distances, the proton positions in the crystal files139,277 

were manually varied across the O···N bridges. The bond energies for the individual structures 

were calculated with BAND. As shown in Figure 5.5, a typical double-well energy curve is seen 

for crystalline NA. The global minimum appears at a short O-H length, which explains the higher 

population of protons near the oxygen site. As the proton approaches the nitrogen site, the curve 

acquires another local minimum. The energy barrier between the two wells is about 8.5 kJ/mol 

from the data points. It must be noted that the energies were calculated from the unoptimized 

structures. A reduction in energy barrier should be expected if optimizations were involved. A 

negligible barrier of 2.1 kJ/mol was reported by Lu et al.139 from molecular dynamics simulations. 

In comparison, the double-well feature did not show up in the energy curves of 3,5-DNB-DMP 

and Py-2,4-DNB. The energy plots show typical single-well curves for strong hydrogen bonds. In 

addition, a much greater difference is noticed in the energy range for 3,5-DNB-DMP and Py-2,4-

DNB. Therefore, although the O···N distance falls in the range of the LBHB (rO···N < 2.70 Å),139 

the hydrogen bonds in 3,5-DNB-DMP and Py-2,4-DNB do not acquire LBHB behaviours. In NA, 

as the COO⁻ groups rotate, the protons would transfer toward the nitrogen sites. This phenomenon 

could be illustrated by the energy contour map, as shown in Figure 5.6. The vertical axis in the 

contour plot represents the rotation angle of a COO⁻ group from the ground state (GS), and the 

horizontal axis stands for the distance between the proton and oxygen site. The averaged O-H 

distance, as we estimated by X-ray diffraction, is around 1.0 Å at 180 K. If the proton stays in 

position during the COO⁻ flipping motion, an activation energy barrier of around 300 kJ/mol needs 

to be overcome, which is significantly higher than the experimental Ea. Instead, the proton would 
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move away from the oxygen site to seek for a lower energy arrangement as the COO⁻ rotates. As 

roughly indicated by the arrows in Figure 5.6, the energy pathway of the carboxylate rotation along 

with the proton movement should across the local minimal at the transition state (TS). Again, the 

structures with various proton positions are unoptimized, causing a higher Ea  in the graph. 

However, the model still provides an interpretation of the proton transfer effect under molecular 

dynamics. 
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Figure 5.5. Bond energy versus O-H distance plots for crystal models of (a) NA and (b) 3,5-DNB-
DMP complex. 
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Figure 5.6. 2D contour plot showing the energy of the system (kJ/mol) as a function of the 
carboxylate rotation motion and the movement of the proton in NA crystals. The arrows show the 
pathway for the correlated COO⁻ flipping motion.  

 

 Since the strong H-bonding feature was observed for 3,5-DNB-DMP, the proton is not 

expected to acquire much movement along with the MD effects. The rotation of COO⁻ groups 

would have to break the strong covalent bond of O-H. Therefore, the rotational energy barrier is 

expected to be higher than that of NA. From the experimental and simulated 17O NMR results in  

Figure 5.3, a result of Ea = 50 ± 5 kJ/mol were obtained. The Arrhenius plot yielding the Ea value 

is attached in Figure 5.7 below. The big discrepancy value is due to the potential temperature 

variations. As seen from the experimental spectra in Figure 5.3, some features appear to be 

unrealistic. For example, the singularities shown in the lineshapes around the coalescence 

temperature are probability due to the uneven temperature distribution over the solid sample. This 
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is caused by limitations of the home-built VT probe. Therefore, improvements are needed for the 

experimental MAS spectra in the future. Furthermore, due to the partially eliminated interactions, 

the 17O MAS spectral lineshapes are less sensitive to changes in SSNMR tensor parameters 

comparing with the static lineshapes. As a result, the reported parameters in Table 5.1 could be 

further refined as well. 

 

Figure 5.7. Arrhenius plot of COO⁻ dynamics in 3,5-DNB-DMP obtained using the 17O MAS 
NMR data shown in Figure 5.3. 

 

 Similar 17O VT MAS NMR experiments were also performed for crystalline Py-2,4-DNB 

powder sample at 21.1 T. The spectral sequence is displayed in Figure 5.8. Although the full 

exchange trend is observed in the lineshapes, some problems were encountered during spectral 

simulations. Unfortunately, simulated spectral sequence with reasonable quality were not achieved 

for this compound. One of the potential reasons is the inhomogeneous sample temperature as 
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mentioned above. For this compound, temperatures were controlled with a combination of the 

cooling systems and the sample spinning speed. As is generally known, the friction caused by fast 

spinning will heat up the sample. A higher spinning rate will increase the sample temperature. 

Therefore, the real temperature for the MAS NMR experiment could be monitored in a different 

way.278 Utilizing this technique, the spectra obtained for the Py-2,4-DNB sample acquire various 

spinning rates, as shown in Figure 5.8. In this case, the uneven temperature effect could be 

intensified. Upon the fitting process, the tensor parameters that well-fit the slow-exchange spectra 

would produce broader linewidths for the fast-exchange lineshpes. This is probably due to the 

inaccurate calibrated temperatures. Another possibility is that the parameters for the SSNMR 

interactions in Py-2,4-DNB might change a lot under high temperatures. As mentioned earlier in 

Section 3.3.1, the unit cell would expand under high temperatures, introducing minor changes in 

structures. For Py-2,4-DNB, the carboxylate group makes an angle with the aromatic ring at GS 

due to the ortho-NO2 group, whereas in NA and 3,5-DNB-DMP they are almost planar to each 

other. It is possible that big discrepancies in tensor parameters occur at high temperatures with this 

unusual feature. Again, further attempts will be made for improved MAS lineshapes in the future.  
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Figure 5.8. Experimental VT MAS 17O NMR spectra recorded with various spinning rates at 21.1 
T for Py-2,4-DNB powder sample. 
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 Due to the imperfections in the lineshape method for the carboxylic acids under study, 

transverse relaxation time (T2) measurements for satellite transitions were performed in order to 

obtain rotational barriers. Spin-echo experiments were performed on the 3,5-DNB-DMP and Py-

2,4-DNB complexes to measure T2 on ST. The R2 plot for the 3,5-DNB-DMP complex sample is 

displayed in Figure 5.9. Similar to the procedures described in Section 3.3.2.1, the kinetic 

information were retrieved from the fitting functions in Equation 55 and 56. Under our assumption, 

the same intrinsic function determined from [3,20-17O]progesterone was utilized, as previously 

shown in Figure 3.14  in Section 3.3.2.1. The regression plotted on Figure 5.9 yields parameters 

of Ea = 60 ± 2 kJ/mol and Δν = 1.55 × 104 Hz.  

The rotational barrier for COO⁻ motions in 3,5-DNB-DMP estimated from the relaxation 

approach is slightly higher than the result from the lineshape analysis (50 ± 5 kJ/mol). This 

discrepancy is not totally unanticipated. For 17O lineshapes in solids, the line broadening is 

partially due to the intrinsic contribution in transverse relaxation as indicated by Equation 55 and 

56. In the lineshape analysis, the simulated spectra are matched to the experimental VT spectra 

based on the manual comparisons. If the 17O quadrupolar lineshapes acquire critical features, such 

as the low-temperature MAS spectra or the spectra recorded from stationary samples, the 

simulations are basically determined by matching in the features. Usually, the features in 

lineshapes form from the SSNMR interactions, and are regardless of the relaxation process. 

However, if the lineshape is almost featureless, such as the MAS spectra with intermediate 𝑘𝑘ex’s 

or the averaged lineshapes under fast exchange limits, the most prominent simulation method is to 

compare the line widths. Previously in Chapter 3, the Ea value for NaNO2 was estimated from 

static lineshaps, for which the features are very prominent and highly dependent on field strengths. 

Consequently, the intrinsic relaxation process has less interference with the Ea determination so 
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the results are consistent from the two methods. In comparison, in the current case, most of the kex 

values in the simulated spectra in Figure 5.3 were estimated based on the line width. As a result, 

the intrinsic relaxation in the lineshape analysis was also considered into the exchange effects, 

whereas in the transverse relaxation approach the exchange contribution was evaluated separately. 

Therefore, the Ea determined from the relaxation approach is higher in magnitude for the COO⁻ 

flipping in 3,5-DNB-DMP complex. Considering this fact, the Ea obtained from the relaxation 

approach should be theoretically more reliable. 

Utilizing the same method, the analysis procedures were also performed for Py-2,4-DNB 

complex, as shown in Figure 5.9. The kinetic information for the compound is estimated as Ea =

32 ± 5 kJ/mol with Δν = 1.45 × 104 Hz. The rotational energy barrier for COO⁻ is considerably 

lower than that of 3,5-DNB-DMP complex. This fact is also indicated by the VT spectra sequences 

of the two compounds. In Figure 5.3, it could be inferred that the coalescence temperature for the 

COO⁻ flipping in 3,5-DNB-DMP is around 290 K, whereas in Py-2,4-DNB the coalescence 

appears around only 260 K as in Figure 5.8. Therefore, Py-2,4-DNB should acquire a much lower 

𝐸𝐸𝑎𝑎 for COO⁻ dynamics. 
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Figure 5.9. Theoretical 17O VT R2 curves for ST in (a) 3,5-DNB-DMP and (b) Py-2,4-DNB based 
on the reference R2 measurement results. The fitting curves were produced using Equation 55 and 
56 with parameters of (a) 𝐸𝐸𝑎𝑎 = 60 kJ/mol, 𝐴𝐴 = 9.8 × 1014, 𝛥𝛥𝜈𝜈 = 1.55 × 104 Hz and (b) 𝐸𝐸𝑎𝑎 =
32 kJ/mol, 𝐴𝐴 = 2.0 × 1010, 𝛥𝛥𝜈𝜈 = 1.45 × 104 Hz. 
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 It is interesting to note that the 𝐸𝐸a values obtained for the two new carboxylic acids are 

very different. As discussed earlier, the distances of O···N bridges in 3,5-DNB-DMP and Py-2,4-

DNB are similar. The proton position is closer to the acceptor N atom in Py-2,4-DNB whereas in 

3,5-DNB-DMP it appears closer to the donor O atom; see Figure 5.2. To obtain more insights, 

attempts were made to perform PES scan calculations for these two carboxylic acids. As described 

in the previous chapter, PES scan calculations were performed for the periodic crystal models with 

DFTB.264 For the reaction coordinate, the COO⁻ groups were forced to rotate about the C2v axes 

(C-C bonds) by changing the C-C-C-O dihedral angles. Energies were recorded along the 

rotational pathway for the constrained optimized structures. Again, to avoid unrealistic molecular 

movements during the calculation (e.g., translational motion and folding of the planar rings), some 

constraints were applied to the crystal models. For 3,5-DNB-DMP and Py-2,4-DNB complexes, 

the atoms were fixed in position except for the carboxyl groups as well as the planar –NO2 groups. 

Similar as mentioned before, the carboxylate groups in the unit cells were rotated simultaneously, 

and the theoretical rotational energy barriers were determined by averaging the total energy gaps. 

The MEP plots for the two carboxylic acids are shown in Figure 5.10. The calculated energy 

barriers are ∆E = 37.8 and 72.8 kJ/mol for Py-2,4-DNB and 3,5-DNB-DMP, respectively. Given 

the accuracy expected for DFTB, the calculated rotational barriers are considered to be in 

reasonable agreement with the experimental results. 
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Figure 5.10. DFTB PES scan curves for the carboxylate rotational motions in Py-2,4-DNB and 
3,5-DNB-DMP complexes. 

 

The scan coordinate with the highest energy in the MEP plot was assumed to be the 

transition state. In the TS of the two models, the protons in the O-H-N hydrogen bonds are 

covalently bonded to the nitrogen atoms, with similar N-H bond lengths as shown in Figure 5.2. 

However, it was noticed that, upon the optimization of the first scan point in the crystal model of 

3,5-DNB-DMP, the proton is shifted toward the nitrogen site. As is also shown by the BAND 

results in Figure 5.5, even the more complete basis set and XC functional would yield a GS 

structure with proton on the acceptor N atom. However, the proton was proven to be closer to the 

donor O atom in 3,5-DNB-DMP by neutron diffraction, as mentioned earlier. In addition, the 

proton was found to shift further toward the oxygen site as temperature increases.277 Moreover, 

the attempt of PES scan calculation on the crystal model of NA was not successful since the proton 

was constantly in joint with the oxygen atom during the COO⁻ rotation. Therefore, the proton 

transfer phenomenon cannot be fully implemented by quantum chemical calculations, which leads 
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to discrepancies between the theoretical and experimental results. In NA, the hydrogen bond 

acquires a much longer O···N distance, and the proton is believed to be delocalized between the 

donor and the acceptor. In this case, NA still possesses a higher Ea value than that found in Py-

2,4-DNB. If the proton is transferred to the N site as predicted, the COO⁻ rotation would be 

imagined to overcome a lower barrier than Py-2,4-DNB, which contradicts the experimental 

results. Therefore, efforts are still needed to understand the proton movements in the O-H-N 

hydrogen bonds.  

 

Figure 5.11. DFTB-calculated molecular structures in transition states of the carboxylate group 
rotations for (a) 3,5-DNB-DMP and (b) Py-2,4-DNB. 

 

5.4 Conclusions 

 In this Chapter, solid-state 17O NMR was successfully used to probe the rotational 

dynamics of carboxylate groups in two crystalline carboxylic acids. For the complex of 3,5-
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dinitrobenzoic acid and 3,5-dimethylpyridine, the 17O ST T2 study has provided an activation 

barrier of Ea = 60 ± 2 kJ/mol for COO⁻ rotation. A lower value of 50 ± 5 kJ/mol was estimated 

from the 17O MAS spectra analysis. We believe that this lower value is less accurate because of 

the neglect of intrinsic relaxation contributions in the lineshape analysis. For pyridinium 2,4-

dinitrobenzoate, the 17O ST T2 study yielded a rotational barrier of 32 ± 5 kJ/mol. The theoretical 

studies of PES scan calculations show the same trend in Ea for the two complexes. The results can 

be interpreted as due to the relative proton positions in the LBHBs. We have also provided more 

insights into the proton transfer effects in the O-H-N hydrogen bonds in nicotinic acid by mapping 

out the 2D energy landscape that shows the correlation between proton movement and carboxylate 

rotation. This was the first time such information is reported. The imperfection of our 

computational approach in describing the proton location and carboxylate motions on the O···N 

bridges in real models would need more investigations in the future. 
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Chapter 6 Conclusions and Future Work 

In this thesis, we have utilized solid-state 17O NMR as a sensitive and powerful probe to 

detect molecular dynamics of various chemical functional groups in solids. We have shown that 

the 17O quadrupolar lineshapes and transverse relaxation times are informative of the local 

structures around the oxygen sites and kinetic details of the molecular motion. We have chosen a 

simple inorganic compound, NaNO2, to conduct a thorough 17O SSNMR study for nitrite ion 

flipping motion. For this particular compound, we have found drastic changes in static 17O central-

transition lineshapes at various magnetic fields due to the interplay of 17O QC and CS tensors. The 

observed spectral changes (lineshapes and linewidths) at variable temperatures reflect the nature 

of the nitrite ion rotation and its impact on SSNMR interactions. Combining with the theory, we 

have demonstrated the feasibility of the 17O ST T2 approach. The rotational barriers determined 

from the lineshape and relaxation approaches are in good agreement. The magnitude of the barrier 

indicates the total strength of the ionic bonds around the nitrite anion. We have also examined two 

classes of organic compounds: sulfonic acids and carboxylic acids. The three-fold sulfonate jump 

dynamics in crystalline sulfonic acids were probed by the static 17O NMR lineshape approach. 

Based on the diverse hydrogen bonding structures in different compounds, we have provided more 

insights into the sulfonate rotational barriers. By performing theoretical PES scan, we have 

discovered DFTB to be a useful and fast tool to study molecular motion in solids. In addition, the 

calculations gave us a chance to investigate the hydrogen bonding pictures in both the ground and 

transition states along the sulfonate rotation trajectories. The differences in hydrogen bonding 

strengths between the ground and transition states had been correlated with the experimental 

sulfonate rotational barriers. This new model could be applied to all MD studies with hydrogen 

bonding effects. For the carboxylic acids examined in this thesis, the 17O MAS NMR spectra 
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provided straightforward views of the two-fold exchange effect in the carboxylate groups. 

Particularly, the carboxylate rotational barriers were found to be highly dependent on the proton 

positions in O-H-N hydrogen bonds. The proton transfer effects in the O···N LBHBs were 

investigated in combination with the carboxylate rotations. Throughout our studies, quantum 

chemical calculation software and simulation programs had well assisted the spectral analysis, 

tensor parameters predictions, and lineshape simulations. To conclude, we have established a 

comprehensive map for molecular dynamics studies of oxygen-containing functional groups. 

In the future, a few remaining problems reported in this thesis are to be solved. First, we 

will repeat the 17O MAS NMR experiments on the carboxylic acids with more homogeneous 

sample temperatures. In this way, we will improve the lineshape simulations in order to obtain 

more reliable carboxylate rotational barriers. Second, we will further refine the 17O transverse 

relaxation models. We need to discover a more general way to approach the intrinsic quadrupolar 

transverse relaxation mechanism. We also need to find a physical interpretation for the 

mathematical model we used to represent the intrinsic T2. Third, we would like to discover a more 

feasible way to utilize the more convenient CPMG pulse sequence for T2 measurements. We 

should try to locate the best explanation to the echo delay dependent T2 effect with the presence 

of MD. Overall, the molecular motions will be extensively studied by solid-state 17O NMR in other 

organic compounds.  
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Appendix I Supplementary 17O NMR plots for NaNO2 

Figure A - 1. Echo intensity versus time plot for 17O CT spin-echo signals at 228 K for NaNO2. 

Figure A - 2. Echo intensity versus time plot for 17O CT spin-echo signals at 236 K for NaNO2. 



II 
 

Figure A - 3. Echo intensity versus time plot for 17O CT spin-echo signals at 245 K for NaNO2. 

Figure A - 4. Echo intensity versus time plot for 17O CT spin-echo signals at 255 K for NaNO2. 



III 
 

Figure A - 5. Echo intensity versus time plot for 17O CT spin-echo signals at 265 K for NaNO2. 

 

 

 

 

 

 

 

 

 

Figure A - 6. Echo intensity versus time plot for 17O CT spin-echo signals at 274 K for NaNO2. 
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Figure A - 7. Echo intensity versus time plot for 17O CT spin-echo signals at 284 K for NaNO2. 

 

 

 

 

 

 

 

 

 

Figure A - 8. Echo intensity versus time plot for 17O CT spin-echo signals at 298 K for NaNO2. 
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Figure A - 9. Echo intensity versus time plot for 17O CT spin-echo signals at 303 K for NaNO2. 

 

 

 

 

 

 

 

 

 

Figure A - 10. Echo intensity versus time plot for 17O CT spin-echo signals at 312 K for NaNO2. 
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Figure A - 11. Echo intensity versus time plot for 17O CT spin-echo signals at 322 K for NaNO2. 

 
 

 

 

 

 

 

 

 

Figure A - 12. Echo intensity versus time plot for 17O CT spin-echo signals at 341 K for NaNO2. 
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Figure A - 13. Echo intensity versus time plot for 17O CT spin-echo signals at 351 K for NaNO2. 

 

 

 

 

 

 

 

 

 

Figure A - 14. Echo intensity versus time plot for 17O ST spin-echo signals at 236 K for NaNO2. 
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Figure A - 15. Echo intensity versus time plot for 17O ST spin-echo signals at 245 K for NaNO2. 

 

Figure A - 16. Echo intensity versus time plot for 17O ST spin-echo signals at 255 K for NaNO2. 
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Figure A - 17. Echo intensity versus time plot for 17O ST spin-echo signals at 265 K for NaNO2. 

 

 

 

 

 

 

 

 

 
 

Figure A - 18. Echo intensity versus time plot for 17O ST spin-echo signals at 274 K for NaNO2. 
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Figure A - 19. Echo intensity versus time plot for 17O ST spin-echo signals at 284 K for NaNO2. 

 

 

 

 

 

 

 

 

 
 
Figure A - 20. Echo intensity versus time plot for 17O ST spin-echo signals at 298 K for NaNO2. 
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Figure A - 21. Echo intensity versus time plot for 17O ST spin-echo signals at 303 K for NaNO2. 

Figure A - 22. Echo intensity versus time plot for 17O ST spin-echo signals at 322 K for NaNO2. 
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Figure A - 23. Echo intensity versus time plot for 17O ST spin-echo signals at 341 K for NaNO2. 

 

 

 

 

 

 

 

 

 
Figure A - 24. Echo intensity versus time plot for 17O ST spin-echo signals at 351 K for NaNO2. 
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