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Abstract 

The application of deuterium isotope effects on 13C NMR chemical shifts to study the 

nature of intramolecular hydrogen bonding in the enolic forms of two 1,3-diketones, 

tetraacetylethane (TAE) and avobenzone, in the solid state is reported. Carbon-13 NMR spectra 

of natural abundance TAE and deuterium-labelled TAE (TAE-OD) obtained at room temperature 

show a deuterium shift of 1.0 ppm on one of the two enolic carbon nuclei. The deuterium isotope 

effect of 2.4 ppm at 163 K is reported.  The position of the enolic hydrogen is determined as 

favoring one side on the molecule, confirming the asymmetric nature of the hydrogen bond. This 

finding is consistent with variable temperature neutron diffraction data, which is one of the most 

reliable methods of hydrogen position determination.  

In case of avobenzone, the apparent deuterium isotope effect on the enolic carbon on the 

tert-butyl side of the molecule is 1.3 ppm at room temperature and 2.0 ppm at 185 K. This is the 

largest deuterium isotope effect on carbon chemical shifts reported so far in the literature for 

enolic forms of 1,3-diketones. Moreover, variable temperature 13C spectra show temperature-

dependent line shapes, indicating unusual intramolecular dynamics i.e., rapid flips of the 

methoxybenzene fragment of the molecule. This allowed to estimate the energy barrier of the 

methoxybenzene ring rotation that was found to be approximately 57 kJ mol-1.  

The experimental data supplemented by computational results indicates how a distinct 

behavior of the enol-bound carbon allows the determination of the position of the hydrogen in 

the keto-enol part of the molecule. The research presented in this thesis illustrates the application 

of deuterium isotope effects on 13C NMR parameters in the characterization of hydrogen bonding 

in the solid state. This thesis offers a distinctive insight into measuring NMR deuterium isotope 

effects on carbon-13 nuclei in the solid state, filling a substantial gap in the current literature. 
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1.1.1. Thesis Goal 

The goal of this research is to present the application of deuterium isotope effects on 

13C NMR chemical shifts as an important method of characterizing intramolecular hydrogen-

bonds in solids. Using enolic forms of selected 1,3-β-diketones, and their deuterium-labelled 

analogues, the research illustrates the value of isotope effect measurements in studying a 

class of intramolecularly hydrogen-bonded systems, which have been comprehensively 

studied via solution NMR. The additional insight provided by solid-state NMR includes 

identifying the enolic hydrogen position and in some cases allowing probing molecular 

dynamics in the solid state. Those features often cannot be determined by solution NMR due 

to the rapid molecular tumbling. Examples presented in this work demonstrate the advantage 

of solid-state NMR techniques over solution NMR in studying an important class of 

intramolecularly hydrogen-bonded systems, especially if the two enol forms are related by 

symmetry.  

1.1.2. Hydrogen Bonding 

There is no ideal definition of hydrogen bonding, and various criteria have been proposed 

over the years. The purpose of this section is to provide brief and general understanding of this 

interaction, while acknowledging that hydrogen bond complexity and diversity cannot be 

reduced to a one-sentence statements thus a comprehensive literature review is recommended.10–

13 Hydrogen bonding is a donor-acceptor interaction, formed when an atom A is of greater 

electronegativity relative to H atom, such as to withdraw electron density and leave the proton 

partially deshielded.14 T. Steiner proposed a definition in terms of donating proton, and not 

electron withdrawal. An X-H…A interaction is a hydrogen bond, if it constitutes a local bond 

and X-H acts as proton donor to A.13  
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The definition proposed by IUPAC states that in a bond depicted as X-H…Y-Z (dots denote the 

bond) it is an attractive interaction between a hydrogen from a molecule or molecular fragment 

X-H, where X is more electronegative than H and an atom or a group of atoms in the same or a 

different molecule, in which there is evidence of bond formation.10 

Intramolecular hydrogen bonds are particularly interesting, as they affect electronic 

distribution, molecular geometry, impacting greatly molecular properties and interactions. My 

work focuses on intramolecular hydrogen bonding in the O-H-O fragments of 1,3-β-diketones in 

their enolic forms. 

Historically, the unusual properties of water played an important role in introducing the 

concept of the hydrogen bond. Despite having a small molecular weight, water has an incredibly 

high boiling point of 100 oC, and high freezing point of 0 oC. When boiling points of liquids 

typically increase with molecular weight (b.p. of F2 is -188 oC while that of Cl2 is -34 oC), and 

the boiling point of hydrogen sulfide is -62 oC, it was difficult to rational the unusual behavior 

of water without introducing the idea of a strong intermolecular interaction.14–17  

Hydrogen bonding plays an important role both in biology, for example in stabilizing the 

DNA structure as well as in functional materials, such as chemosensors and pharmaceuticals.18,19 

Some examples include the role of hydrogen bonding in the formation of co-crystals, such as 

those of anti-tuberculosis drug pyrazinamide or a common painkiller acetaminophen.20 The 

ability of hydrogen bond formation of these compounds allows a wide range of modifications to 

improve bioavailability and tune interactions with other active pharmaceutical ingredients.20 It is 

also crucial in materials such as noxious gas sensors or enabling high-sensitivity self-healing 

materials used in human-machine interactions.18,21  
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1.1.3. 1,3-β-Diketones and their Enolic Forms 

1,3-diketones are among the most significant classes of organic compounds due to their 

accessibility, stability, and often unique properties.22 Their important applications include 

synthesis of core heterocycles crucial in medicinal chemistry (e.g. pyrazole, triazole), but also 

chelating ligand role for various metals in materials chemistry.23 Substitution of a central carbon 

atom by nitrogen allows the formation of coordination complexes with a variety of uses, such as 

spin crossover materials, metal-organic frameworks (MOFs) and luminescent complexes.24–26 

1,3-diketones consist of two keto groups separated by a methylene group, such as in 

acetylacetone (Figure 1).16 They also provide the best-known examples of keto-enol tautomerism 

– the existence of more than one form of compound readily interconverting, in this case 

exchanging a hydrogen atom.27 The relative amounts of the enol and keto tautomers are dictated 

by the properties of the solvent: the amount of the enol form increases with the decrease of 

solvents’ dielectric constant.28 

 

 
 

Figure 1. Acetylacetone molecule in its three tautomeric forms. In this case, R1 and R2     

substituents are both methyl groups. 

 

In non-symmetric compounds, where R1 and R2 are two different groups, the position of 

proton in the enolic tautomer is of interest from the perspective of fundamental science, as well 

as its practical implications. Transfer of proton from one oxygen atom to another in an 

intramolecular hydrogen bond belongs to one of the most important reactions in chemistry.29  It 

plays a role in acid-base neutralization, and is crucial in biochemical processes, such as 

enzymatic reactions and tautomeric changes within DNA bases.30 

R1 R2 R1 R2 R2 R1 
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1.1.4. Hydrogen Bonding Strength and Characterization Techniques  

 

Hydrogen bond energies that exceed 50 kJ mol-1 are classified as strong and are 

characterized in several ways.14 In the enol tautomer of 1,3-dicarbonyl compounds the O---O 

separation of 2.5 Å or less is generally classified as strong hydrogen bonding.31 Moreover, they 

can be characterized by large infrared stretching frequency shifts and relatively large proton 

NMR chemical shifts.14  

Characterization of hydrogen bonds in the solid state poses significant challenges. 

Neutron diffraction is considered the gold standard, as it can determine the position of hydrogen 

atoms with high accuracy, however high costs and low accessibility limit the use of this 

technique.32 

X-ray diffraction is much less expensive and more accessible; however, it is much less 

accurate in determining the hydrogen atom positions and, similarly to neutron diffraction, is 

limited to crystalline materials.33 Other techniques, such as electron diffraction or rotational 

spectroscopy are restricted to the gas phase, and relatively small molecules.34,35  

Quantum chemistry computations are often used to model the character of hydrogen 

bonding. These include density-functional theory (DFT) methods, CASTEP (Cambridge Serial 

Total Energy Package) that can account for intermolecular interactions of molecules in the solid 

state.36–40 

NMR spectroscopy is an important tool for structure elucidation applicable to gas, liquid, 

and solid phase materials. It offers several characterization probes, such as measurements of 

direct and indirect spin-spin couplings, variable temperature studies or measurements of 

deuterium isotope effects on 13C chemical shifts.3,41 
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1.2.1. Correlation between 1H chemical shifts and O---O Separation Distance 

One of the most basic and generally available NMR techniques used in studying the OHO 

systems depend on the correlation between 1H chemical shifts of hydrogen-bonded atoms and 

the bond geometry, in particular the O---O separation distance.3  Based on known neutron 

diffraction structures and 1H chemical shifts measured in the solid state, scientists have proposed 

geometry correlations that are successfully used for the characterization of strong hydrogen 

bonds in biological systems.42–45 Such correlations were also established for NHN- and NHO- 

systems and applied in the liquid state. 46–49 

To present an example of the experimentally obtained correlation of 1H chemical shift 

with the deviation of the proton from the center of the resonance assisted hydrogen bond, the 

following symbols are introduced in Figure 2.  

 

 
 

Figure 2. Resonance assisted hydrogen bonding structure for the keto-enol region of the β-diketone, with di 

defining bond lengths.1,2 

 

The strength of the hydrogen bond may be assessed by the values of q1 and q2, defined in  

Equation 1 below.  

 
Equation (1)     

    

𝑞1 = 𝑑4 − 𝑑1 

𝑞2 = 𝑑2 − 𝑑3 
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An example of the correlation of the experimentally obtained chemical shift with the deviation 

of q1, which is position of the proton in relation to the center of the hydrogen bond has been 

published by Emmler et al. and is presented in Figure 3.3 

 

Figure 3. Correlation of the experimentally obtained chemical shift (blue dots) and the distance of the hydrogen 

atom from the center of the hydrogen bond q1. Black solid line represents the modelled correlation and the 

uncertainity of the measured chemical shift is approximately 0.1 ppm.3  
 

 

In general, the closer the position of the hydrogen atom to the center of the hydrogen 

bond, the larger the 1H chemical shift. The resulting curve resembles the transition of hydrogen 

atom from one side of the intramolecular hydrogen bond to the opposite site, through the middle 

position (q1 = 0). The authors studied many different classes of compounds and the values for 

weak and intermediate hydrogen bonds are in excellent agreement with the correlation line. The 

scattering of data is explained by secondary structural effects. Significant deviations marked as 
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1 and 2 are due to the nature of energy potential well for the proton motion in these compounds 

(dibenzoylmethane and benzoylacetone) and its consequences are discussed in the publication.3  

1.2.2. Deuterium Isotope Effects on 13C Chemical Shifts 

Upon substitution by a heavier atom, all resonant NMR nuclei in the molecule experience 

a slight chemical shift due to the change in rovibrational averaging of electronic properties of the 

molecules. The magnitude of the shift is related to the fractional change of mass upon substitution 

and is approximately proportional to the number of atoms substituted by the isotopes. The larger 

change in mass of the substituted isotope, the lower the zero-point energy of the vibration of the 

bond, and the greater the change in the shielding due to the isotope effect.7,50–52  

Deuterium isotope effects are defined in Equation 2, where n is the number of bonds 

between the carbon in question and the deuterium.50 

Equation (2) 

∆C(D)v
𝑛 = δC(H) − δC(D) 

 

Benzene is a simple molecule that illustrates the one-, two- and three-bond deuterium 

isotope effects on 13C shielding, chemical shifts (Figure 4). 

 

Figure 4. Benzene molecule with the values of one-, two- and three-bond deuterium isotope effects  
on 13C NMR chemical shifts.4 
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In general, the magnitude of isotope shifts depends on the distance of the isotopic 

substitution to from observed nucleus and is related to the chemical shift range of the observed 

nucleus. Moreover, the magnitudes of the isotope shifts are related to the fractional change in 

mass upon isotopic substitution.53  

Deuteration of the hydroxyl group in an intramolecular hydrogen bonded system generally 

leads to greater shielding of the 13C atoms bonded to that group.54 Reuben has indicated that the 

magnitude of the isotope shift correlates with the energy of the hydrogen bond.54 However, more 

specific nomenclature provided later refers to the hydrogen bond strength in terms of O---O 

separation and hydrogen bond geometry instead of the hydrogen bond energy and will be used 

in this thesis.50–52,55,56 

Deuterium isotope effects on 13C magnetic shielding have been extensively studied in a 

large variety of organic hydrogen-bonded compounds using solution NMR.41,50–52,55  The two-

bond isotope shift values usually do not exceed 1 ppm.  Some tautomeric, unsymmetrical 

compounds with the O-H-O fragments have the isotope shifts as large as +1.91 ppm (2-

acetylcyclohexanone), but these are rather uncommon.50 In case of acetylacetone, +0.64 ppm is 

reported in CDCl3.50 

The extent of isotope effects in solution NMR studies shows the significance of this 

technique in the characterization of the hydrogen-bonded systems.31,45,51,52,54–57 Unfortunately 

this area remains practically uncharted for compounds in the solid state. The motivation for my 

research is to propose a contribution that will fill a part of this gap. In the following chapters I 

will present solid-state 13C NMR study of model enolic forms of compounds from the  
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1,3-diketones group at room and variable temperatures (VT), their deuterium isotope effects and 

the information about the character of their hydrogen bonding that can be extracted from the 

experimental data. 
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2.1.1. Background Information 

Tetraacetylethane (TAE) is a dimer of acetylacetone (acac), occurring in the solid state in 

the form of white crystals with melting point in the 192-193 oC range.58  It is commonly used in 

preparation of thermally stable polymers and as a bidental chelating ligand.59 More recently, it 

has been used as a precursor to grow carbon nanowalls with flower-like morphology (CNW-

LFs).60 

TAE was chosen to study its intramolecular hydrogen bonding and the position of enolic 

hydrogen for several reasons. Firstly, it is a simple model compound, being the closest derivative 

of acetylacetone available naturally in the solid state at room temperature. It has been studied 

extensively, X-ray and more importantly, neutron diffraction data are available in the literature 

along with several computational studies.5,58,61,62  

TAE has also been studied via solution and solid-state NMR.63,64 Takegoshi and 

McDowell used single crystal solid-state NMR to determine the magnitudes and orientations of 

the 13C chemical shielding tensors in TAE. They found that because the of the presence of a 

strong intramolecular hydrogen bond, the electronic environment around both carbonyl carbon 

nucleus and the enolic carbon nucleus are similar, suggesting conjugation within the keto-enol 

part.63 Emsley et al.64 used solution NMR to measure the 1H chemical shifts of the enolic proton 

and change in chemical shifts upon deuteration (Δδ H,D) in TAE and three substituted TAE 

compounds to investigate the hydrogen bonding strength and factors affecting it. They found that 

the δOHO was independent of whether the substituted group was electron-withdrawing or electron-

releasing, and ultimately steric effects were the reason of the changes in TAE O---O separation 

distances.64  
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Before discussing these results, it is worth to consider data collected for acetylacetone, a 

monomer in the structure of TAE. In solution, the keto-enol tautomerization of acac has been 

extensively studied, and the relative population of keto and enol forms depends on factors such 

as the dielectric constant of the solvent, temperature, and presence of other species capable of 

hydrogen bonding.28,65,66 In the enolic form of acac in CDCl3, the two carbon atoms bonded to 

oxygen are equivalent and their 13C NMR chemical shift is 191.25 ppm, while the central carbon 

atom has a shift of 100.48 ppm.67 Upon substitution of the enolic hydrogen with deuterium, the  

C-O carbon nuclei experience deuterium isotope shifts of 0.761 ppm at 220 K and 0.639 ppm at 

300 K, however they remain equivalent in solution at any temperature due to the rapid exchange 

on the timescale of the experiment.56 

The 13C NMR spectrum of TAE in CDCl3 solution does not distinguish carbon (CO) 

atoms, and the spectrum resembles that of acac. The two carbon atoms bonded to oxygen are 

slightly more deshielded with a shift of 192.71 ppm, while the central atom is approximately 8 

ppm more deshielded comparing with acac (TAE shift of 108.16 ppm).  For the full solution 

spectra of TAE, please see Appendix B.  

Crystal Structures 

In this section, X-ray diffraction studies of TAE are summarized to provide a historical 

context. However, the variable temperature neutron diffraction is the primary research used for 

work presented in this thesis.6  

X-ray diffraction study conducted in 1966 showed that TAE belongs to orthorhombic 

space group Pbcn and exists in dienolic form.58  It has crystallographic symmetry 2 (C2) but 

approximates closely to 4̅2m (D2d) consisting of two substantially planar halves twisted through 

approximately 90° with respect to each other (Figure 5). The two C-O bonds have very similar 
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lengths (shorter C1-O1 of 1.295(6) Å and C3-O3 of 1.310(6) Å). The authors indicate that due 

to the absence of any short van der Waal’s contacts, the hydrogen atom in each enolic group is 

involved in intramolecular hydrogen bonding, however the exact nature of that bonding could 

not be determined because the hydrogen atom position was not located. Regardless, it was 

concluded that the hydrogen bond was probably symmetric. 

An early neutron diffraction study of TAE has confirmed the enolic nature of the 

compound, however the position of the enolic hydrogen was clearly asymmetric.61 The space 

group was confirmed as orthorhombic Pbcn, and the dihedral angle between the two 

acetylacetone residues determined to be 92.4o. The C1-O1 and C3-O2 distances were 1.277(3) Å 

and 1.289(3) Å, respectively. Structural parameters obtained by neutron diffraction apart from 

hydrogen atom position, were consistent with the previous X-ray study.  

 

Figure 5. Molecule of TAE with two planar halves of the dimer perpendicular to each other. Crystal 

structure and atom numbering scheme presented after Lyssenko et al.5 

 

Another structure analysis was performed as a response to the neutron diffraction 

study.5,61 The neutron diffraction analysis at 298 K revealed a significant shortening of the O1-

O2 distance in comparison to the acetylacetone monomer, as well as general equalization of all 

bond lengths within the keto-enol ring.61 Lyssenko et al. obtained X-ray structure at 110 K, which 
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C5 
C4 

showed significant changes in comparison to the neutron diffraction data collected at 298 K.29,6 

It was concluded that the observed differences were due to the superposition of tautomers, 

considering the dynamic disorder nature in TAE crystals.5 According to their study, the strength 

of intermolecular interactions decreases with temperature. The ordering of the crystal structure 

at 110 K resulted from the rise of the barrier proton transfer.5 The hydrogen-bonded proton was 

found to migrate from the central position at 298 K closer to one of the oxygen atoms at 110 K.  

A variable temperature (VT) neutron diffraction study at five temperatures between 20 K 

and 298 K allowed a more accurate characterization of the migrating proton.6 With the exception 

of the intramolecular hydrogen bond, the overall molecular structure was identical at five 

temperatures and consistent with previous reports. With the decrease in temperature, the O2-H 

distance decreased from 1.171(11) Å to 1.081(2) Å and the O1-H distance increased from 

1.327(10) Å to 1.416(2) Å (Figure 6). Over the temperature range 20 K to 298 K, the enolic 

hydrogen appeared to be closer to O2 (see Figure 6).  

 

 

 

 

 

 

 

 

 

 

Figure 6. Atom-atom separation in TAE as a function of temperature. H1 denotes the enolic hydrogen. Empty   

triangles denote H1-O2 bond length, empty diamonds O1-C1, black diamons O2-C3 and black triangles H1-O1.6 

K 
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Figure 6 clearly illustrates hydrogen migration path. With increasing temperature, H1 

moves further away from O2 and closer to O1. At the same time, the decrease in O2-C3 distance 

indicates the bond acquires more double-bond character and the O1-C1 becomes more similar in 

nature to a single bond. The authors note that the convergence of both C-O bonds at 298 K can 

be explained by the resonance assisted hydrogen bond model. 1,5 

Periodic density functional quantum calculations provided in this study reproduce the 

geometry of hydrogen bond at low temperatures.6 The authors propose that hydrogen migration 

towards the center with increasing temperature may be due to increased vibrational amplitude of 

the proton and that the potential energy well is asymmetric.  

In conclusion, the structure of TAE has been extensively analyzed by X-ray and neutron 

diffraction. In general, neutron diffraction and later X-ray diffraction studies confirm the 

asymmetric nature of the intramolecular hydrogen bond and temperature dependence of the 

enolic hydrogen position. The availability of reliable crystal structures offers the advantage of 

using TAE as the first model compound presented in this thesis in terms of measuring deuterium 

isotope effects on 13C chemical shifts and the information that can be extracted with the use of 

solid-state NMR, presented in the next sections.  
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2.1.2. Deuterium Isotope Effects on 13C NMR Chemical Shifts at Room Temperature 

i) Experimental Methods 

In all solid-state spectra NMR presented in this work, the uncertainty in the chemical 

shifts is approximately 0.02 ppm. Solid-state 1,1,2,2-tetraacetylethane and all solvents were 

purchased from Sigma Aldrich.  

TAE-OD: To prepare deuterium labelled TAE, approximately 4 mL of methanol-OD was added 

to 0.404 mmol of TAE crystals and the sample was shaken. Approximately 4 mL of chloroform-

d was added to the mixture to dissolve the remaining solid. The solution was left in an open 10 

mL glass vial for slow evaporation at room temperature. Solid TAE-OD was collected after 48 

hours.  

Solid-state NMR: Solid-state 13C NMR spectra were obtained at 11.75 T using a Bruker Avance 

NEO 500 NMR spectrometer operating at 125.8 MHz for 13C and 500.1 MHz for 1H, with a 

Bruker 4 mm probe operating in double-resonance mode. All data were acquired under magic-

angle spinning (MAS) conditions at a spinning frequency of up to 14 kHz using the cross-

polarization (CP) technique with a 62.5 kHz 1H decoupling field. The 1H 90° pulse was 4.0 µs 

and the contact time was 3 ms; 3492 to 4152 transients were co-added for each spectrum. 
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ii) Results and Discussion 

Figure 7. C-13 NMR spectrum of natural abundance TAE in the solid state. Acquired at 11.75 T and 293 K, with 

spinning frequency of 12 kHz. The low intensity peaks are the spinning sidebands.  
 

The spectrum in Figure 6 shows three sets of peaks in natural abundance TAE. The two 

most downfield peaks at approximately 200 ppm and 193 ppm arise due to C1 and C3 carbons, 

while the single peak at about 110 ppm is assigned to C2. It is worth noting that in the solid state 

we can not only distinguish between C1 and C3, but also between the two methyl groups in the 

20-30 ppm range. In comparison with acac, in which only one peak is observed at 191.25 ppm 

and C1/C3 atoms are equivalent and slightly more shielded.  

Upon deuteration of the enolic hydrogen, the appearance of the 13C NMR spectrum 

changes, as shown in Figure 8.  
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Figure 8. Enlarged parts of the 13C NMR spectra of natural abundance TAE (dark blue) and TAE-OD (red).  

 

Figure 8 depicts the effect of substituting the enolic hydrogen for deuterium on the 13C 

NMR chemical shifts. The most significant difference can be observed in peaks corresponding 

to C1 and C3 atoms. A small deuterium isotope shift of 0.4 ppm affects C1, while C3 experiences 

a more significant shift of 1.0 ppm. The lower intensity peak at approximately 193 ppm in the 

deuterated compound (red trace) is due to partially unlabeled compound. The C2 nucleus 

experience a small isotope effect, similarly to one of the methyl carbons (C4).  

As mentioned in the introduction, upon substitution by heavier atom, other NMR 

resonant nuclear experience change in rovibrational averaging of electronic properties, thus the 

change in the chemical shifts.7 The reason behind the effect isotope labelling has on electronic 

properties, kinetics, and equilibrium properties, is the anharmonicity of the potential energy well. 

For any vibrational state, the energy of the species labelled with heavier isotope, is lower than 

the energy of the natural abundance system. This results in a shorter average bond length in the 

compound labelled with heavier isotope and is referred to as intrinsic isotope effect.7 

C1 C3 C2 C4 C5 
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The most significant deuterium isotope shift of 1.0 ppm affects the 13C NMR peak 

corresponding to C3. As C3 is bonded to O2, it can be concluded that the distance between D-

O2 atoms is shorter than between D-O1 and deuterium is moving towards O2. The hydrogen 

bond is clearly asymmetric and hydrogen atom favors position closer to the O2.  

 This conclusion is consistent with previously published experimental neutron 

diffraction data and illustrates the feasibility of measuring isotope effects on NMR chemical 

shifts as a complementary method of intramolecular hydrogen bond characterization in the solid 

state.  

2.1.3. Deuterium Isotope Effects on 13C NMR Chemical Shifts at Variable 

Temperature 

 

i) Experimental Methods 

Variable Temperature NMR:  

Variable-temperature 13C NMR spectra were acquired with CP conditions described in the 

previous experimental section in the 163 to 342 K region with MAS frequency of 5 kHz using 

the Bruker BSVT system supplied with the instrument. 164 to 300 transients were co-added to 

each spectrum. Low temperatures were achieved by using N2(liq) as the heat exchange source N2 

boiloff gas was used as an ultra-dry VT gas source. Temperatures were calibrated based on the 

temperature dependence of 207Pb chemical shift of methylammonium lead iodide, as recently 

reported.68 The uncertainty of this approach is estimated to be < ±2 K.  

ii) Results and Discussion 

In case of the variable temperature NMR experiments (VT NMR) on TAE, there are two 

contributions to the observed isotope shift: the intrinsic isotope effect due to the presence of a 

heavier nucleus denoted as ∆𝑜 and perturbation of the equilibrium ∆𝑒𝑞 (Eq. 3).57  
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Equation (3)    ∆𝒐𝒃𝒔= ∆𝑜 + ∆𝑒𝑞  

The intrinsic isotope effect arises from the difference in the ground vibrational state of 

the O-H and O-D bonds as illustrated in Figure 9. For any vibrational state, the energy of the 

species labelled with heavier isotope, is lower than the energy of the natural abundance system. 

This results in a shorter average bond length in the compound labelled with heavier isotope. 

Therefore, the measurement of the isotope effect provides information about the potential energy 

surfaces.7 This arises from the fact that the proton in an intramolecular hydrogen bonding 

becomes more deshielded as it moves toward the midpoint between the heavy atoms, such as O.7 

Potential energy surface of many hydrogen bonds has two inequivalent minima, i.e., they are 

asymmetric double wells.69 The three, less common symmetric potential energy well shapes are 

illustrated in the work by Forsén et al. summarized in Figure 9. 

 

Figure 9. Illustration of the position of hydrogen isotopes for different types of symmetric potential functions, in 

the zero-point vibrational levels and predicted isotope effect.7   

 



2. Compounds Studied 

2.1. Tetraacetylethane 

   20 

When a system, such as TAE exists in different tautomeric forms, presence of deuterium 

rather than a hydrogen atom causes changes in the tautomeric equilibrium. Changes in the 

chemical equilibrium can occur along with the equilibrium isotope effect.50,70 

This information is crucial in explaining the results of VT 13C NMR experiments on TAE 

which are presented in Figure 10. The values of 13C NMR chemical shifts at three different 

temperatures are summarized in Table 1.  

Table 1. Summary of 13C NMR chemical shifts of TAE and TAE-OD at variable temperature. 

TAE δ(13C)/ppm   ± 0.1    

Temperature/ K C1 C3 C2 C4 C5 

163 201.6 188.2 108.0 28.1 21.1 

294 198.9 190.9 109.0 27.2 22.7 

342 198.0 191.4 109.3 26.9 23.0 

TAE-OD      

163 202.0 185.8 108.2 28.6 20.8 

294 198.5 189.8 109.1 27.3 22.6 

342 197.6 190.6 109.5 27.0 23.1 
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Figure 10. Temparature dependence of 13C NMR chemical shifts of nuclei C1 and C3 in TAE and TAE-OD. 

Figure 11. Enlarged parts of the 13C NMR spectra of natural abundance TAE (dark blue) and TAE-OD at 163 K 

and 342 K. Acquired at 11.75 T with the spinning frequency of 5 kHz. 
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Similar to the spectra acquired at room temperature, the deuterium isotope shift is more 

significant for C3 than C1 at 163 K and 342 K, further supporting the finding that deuterium 

favours O2 and the hydrogen bond is asymmetric. The most significant deuterium isotope shift 

of 2.4 ppm is observed at 163 K at C3. As the temperature decreases, deuterium atom moves 

closer to O2. At the same time, C1 nucleus experiences the isotope shift of -0.4 ppm and is 

becoming more deshielded when deuterium replaces hydrogen. Although considering only the 

principles of the intrinsic isotope shift, the C1 peak should become more shielded upon 

deuteration, one must consider the contribution of the equilibrium isotope shift, ∆𝑒𝑞. Large peak 

separation in similar hydrogen-bonded systems, such as those consisting of asymmetric 

tautomers (malonaldehyde, 3-hydroxy-2-phenylpropenal) has been observed at low temperatures 

in solution and was attributed to the perturbation of an equilibrium between the two tautomers.57 

The same phenomenon applies to the solid state, where lowering the temperature introduces more 

imbalance in the equilibrium, and presence of a distinct tautomer is more prevalent. In case of 

TAE, the isotope shift of the significant 2.4 ppm magnitude temperature arises due to the change 

in the equilibrium caused by significantly lower temperature. 

The smallest deuterium isotope shift of C3 appears at 342 K. C3 is still the most affected 

nucleus, indicating the preference of hydrogen to be closer to O2. As the temperature increases, 

the magnitude of deuterium isotope shift of C3 decreases, suggesting the temperature dependence 

of the hydrogen position. The O1-O2 separation decreases at higher temperature and H-O2 bond 

length increases, as indicated in the neutron diffraction study.6,61 It can be concluded, that with 

the increase in temperature, hydrogen changes position towards the center of the hydrogen bond, 

but the bond does not become completely symmetric, as suggested in the first X-ray diffraction 

study.58 
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iii) Conclusions 

Deuterium isotope effects on 13C chemical shifts of tetraacetylethane confirm the 

asymmetric nature of the intramolecular hydrogen bond. Both room temperature and VT studies 

indicate the preference of the hydrogen atom to be in proximity to O2. Moreover, the magnitude 

of deuterium isotope shifts is temperature dependent, and the enolic hydrogen is located further 

away from O2 at higher temperatures. These findings are consistent with variable temperature 

neutron diffraction studies.6 Since the structures obtained by neutron diffraction are among the 

most reliable in determination of hydrogen atom position, the consistency of results obtained by 

measuring deuterium isotope effect on 13C NMR chemical shifts proves that NMR studies in the 

solid-state are a reliable method to characterize the nature of intramolecular hydrogen bonding.  
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2.2.1. Avobenzone Applications and Importance 

The use of sunscreens – chemicals that absorb, reflect or scatter UV radiation, is a simple 

precaution that helps to decrease the negative impact of UVR exposure, preventing diseases such 

as skin carcinomas and malignant melanomas. However, the most recent report of the American 

Food and Drug Administration demonstrates that active sunscreen ingredients are systematically 

absorbed through skin into blood plasma, likely accumulating in organs, causing endocrinal 

disruption and gDNA damage.71  Moreover, these are environmental contaminants of substantial 

concern, with up to 14,000 tons of sunscreens being released into oceans every year.72 In the light 

of these reports, understanding the properties of sunscreen ingredients on molecular level is of 

significant importance. In this context, hydrogen bonding is among the very influential properties 

affecting factors like solubility and bioavailability of sunscreen components. 

Avobenzone, or 3-(4-tert-Butylphenyl)-3-hydroxy-1-(4-methoxyphenyl)-2-propen-1-

one, is one of the most used organic UVA filters and is a 1,3-diketone that presents an example 

of keto-enol tautomerism.73 These features, along with the asymmetric nature of its molecule 

(two different functional groups on the phenyl rings), makes avobenzone a suitable model 

compound to investigate the nature of its hydrogen bonding, that can provide information useful 

in direct drug research.  

Figure 12. Keto-enol tautomers of avobenzone. 
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2.2.2. Crystal Structure 

To date, one X-ray diffraction structure of avobenzone has been reported.8 It was 

recrystallized from acetonitrile and the structure was obtained at room temperature. The analysis 

of C-C and C-O bond distances as well as O---O separation in the carbonyl region of the molecule 

suggested an  enol structure with the enolic hydrogen atom position being closer to the tert-butyl 

side of the molecule. Moreover, the tert-butyl group of avobenzone was disordered and two types 

of tert-butyl groups were observed with site occupancies ratio 1:1, as presented  in Figure 13.  

 

 

Figure 13. X-ray structure of avobenzone molecule with disordered tert-butyl group.8 

 

2.2.3. 13C NMR Spectrum Assignment of Avobenzone in the Solid State 

i) Experimental Methods 

Solid-state avobenzone and all solvents were purchased from Sigma Aldrich. 

Solid-state NMR: Solid-state 13C NMR spectra were obtained at 11.75 T using a Bruker Avance 

NEO 500 NMR spectrometer operating at 125.8 MHz for 13C and 500.1 MHz for 1H, with a 

Bruker 4 mm probe operating in double-resonance mode. All data were acquired under magic-

angle spinning (MAS) conditions at a spinning frequency of up to 14 kHz using the cross-
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polarization (CP) technique with a 62.5 kHz 1H decoupling field. The 1H 90° pulse was 2.5 µs 

and the contact time was 3 ms; 208 to 4664 transients were co-added for each spectrum. 

ii) Results and Discussion 

Initially, a 13C NMR spectrum of natural abundance avobenzone was acquired at room 

temperature. The peak assignment is presented in Figure 11. Peaks were assigned based on the 

13C NMR data published in the literature.73,74 Some peaks, which were difficult to assign, 

especially in the aromatic region, were determined with the help of solution NMR experiments 

(Appendix A).  

 

 

Figure 14. C-13 NMR spectra of natural abundance avobenzone at 303 K. Acquired at 11.75 T with the 

spinning frequency of 5 kHz.
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2.2.4. Deuterium Isotope Effects on 13C NMR Chemical Shifts at Room Temperature 

i) Experimental Methods 

Avobenzone-OD: To prepare deuterium labelled avobenzone, approximately 4 mL of methanol-

OD was added to 0.404 mmol of avobenzone powder and the sample was shaken. Approximately 

4 mL of chloroform-d was added to the mixture to dissolve the remaining solid. The solution was 

left in an open 10 mL glass vial for slow evaporation at room temperature. Solid avobenzone-

OD was collected after 48 hours.  

Solid-state NMR: Solid-state 13C NMR spectra were obtained at 11.75 T using a Bruker Avance 

NEO 500 NMR spectrometer operating at 125.8 MHz for 13C and 500.1 MHz for 1H, with a 

Bruker 4 mm probe operating in double-resonance mode. All data were acquired under magic-

angle spinning (MAS) conditions at a spinning frequency of up to14 kHz using the cross-

polarization (CP) technique with a 62.5 kHz 1H decoupling field. The 1H 90° pulse was 2.5 µs 

and the contact time was 3 ms; 1820 to 4664 transients were co-added for each spectrum. 

ii) Results and Discussion 

Upon deuteration of the enolic hydrogen, the appearance of the 13C NMR spectrum 

changes, as shown in Figure 15.  
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Figure 15. Enlarged part of the 13C NMR spectrum of natural abundance avobenzone (dark blue) and  

avobenzone-OD (red). Acquired at 11.75 T with the spinning frequency of 5 kHz at room temperature. 

 

As it can be seen in Figure 15, the carbon nucleus affected the most by the deuterium 

isotope shift is C9. At room temperature, the C9 chemical shift experience an isotope effect of  

1.3 ppm, making the C9 more shielded in the presence of deuterium. The rest of the peaks in the 

200-150 ppm range are essentially unaffected. Since C9 is the nucleus experiencing the major 

change upon deuterium substitution, it indicates the preference of the enolic H/D to spend more 

time in closer proximity to O3. As explained in the previous chapter, this intrinsic isotope effect 

is a result of a substitution with heavier nucleus (deuterium), causing the shorter average O-D 

bond length and lower energy of the vibrational states comparing with the natural abundance 

system. 

The analysis of X-ray structure interatomic distances is consistent with this finding.8 

Although the X-ray structure was obtained at room temperature, and in general, X-ray diffraction 

is not a reliable method of determination of hydrogen position, it is still worth to analyze the 

interatomic distances in the keto-enol fragment of the molecule. The C8-C9 distance of  
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1.365(9) Å is shorter than C7-C8 bond length of 1.41(1) Å, suggesting that C8-C9 bond has more 

double-bond character. Comparing the two C-O distances, C7-O2 distance of 1.264(7) Å is 

shorter than C9-O3, which is 1.318(6) Å. The O3-H distance of 1.240 Å is shorter than 1.358 Å 

of O2-H. Overall, the bond lengths within the keto-enol fragment of avobenzone, similarly to 

TAE are consistent with the resonance-assisted hydrogen bonding model1 and indicate an 

asymmetric intramolecular hydrogen bonding with enolic hydrogen atom being closer to O3. 

Some computational studies providing the structure of the enol tautomer of avobenzone 

are available in the literature.75,76 In their first publication, the authors claim the position of the 

enolic hydrogen to be in proximity to the side of the molecule with the methoxybenzene ring.76 

In the following article, the published absolute enthalpies for the two enol forms (one with H 

closer to O2 and the other with H closer to O3) are very similar with insignificant difference.75 

The disagreement between the published computational results and experimental results 

obtained in this thesis arises mainly because the computations used DFT and modeled an isolated 

avobenzone molecule in the gas phase. It illustrates the efficacy of NMR spectroscopy and 

measuring deuterium isotope effects as a viable experimental method of determination the 

position of the enolic hydrogen in intramolecular hydrogen bonding for compounds in the solid 

state.  

2.2.5. Deuterium Isotope Effects on 13C NMR Chemical Shifts at Variable 

Temperature 

i) Experimental Methods 

Variable Temperature NMR: Variable-temperature 13C NMR spectra were acquired with CP 

conditions described in the previous experimental section in the 163 to 342 K region with MAS 

frequency of 5 kHz using the Bruker BSVT system supplied with the instrument. 208 to 1194 
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transients were co-added to each spectrum. Low temperatures were achieved by using N2(liq) as 

the heat exchange source N2 boiloff gas was used as an ultra-dry VT gas source. Temperatures 

were calibrated based on the temperature dependence of 207Pb chemical shifts of 

methylammonium lead iodide, as recently reported.68 

ii) Results and Discussion 

C-13 NMR spectra of avobenzone-OD at 212, 301 and 346 K are shown in Figure 16. 

 

Figure 16. Fragment of the 13C NMR spectrum of solid-state avobenzone-OD at variable temperature. Acquired at 

11.75 T with the spinning frequency of 9 and 10 kHz. 

 

Focusing on the carbonyl/enolic carbon peaks for C7 and C9, there is a clear chemical shift 

temperature dependence. While C7 and C9 have chemical shifts of 192.72 ppm and 179.76 ppm 

at room temperature, respectively, a clear isotope effect occurs with the change in temperature. 

The exact values of 13C NMR chemical shifts are reported in Table 2. The presence of two peaks 

assigned as C9 at 212 K and 301 K arises from a mixture of natural abundance and deuterium 
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labelled avobenzone in the bulk sample. Peak from avobenzone-OD sample is the more shielded 

of the pair.  

 

Table 2. Summary of 13C NMR chemical shifts of avobenzone and avobenzone-OD at variable temperature. 

 

Avobenzone δ(13C)/ppm  ± 0.1  ppm      

Temperature/ K C7 C9 C3 C13 C2 

C4 

C8 C16 C17 C18, 

19, 20 

303 192.40 181.44 162.94 156.88 114.70 93.95 54.42 35.26 31.18 

Avobenzone-

OD 

         

346 192.13 180.67 163.09 157.00 114.65 93.91 54.55 35.36 31.31 

301 192.72 179.76 162.83 156.72 117.34 

111.80 

93.74 54.30 35.20 31.09 

212 193.74 179.81 177.95 156.09 116.87 

111.18 

93.40 53.83 34.89 30.67 
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Figure 17. Temperature dependence of 13C NMR chemical shifts of nuclei C7 and C9 in avobenzone and 

avobenzone-OD.  

The deuterium substitution and the decrease in temperature affects C9 nucleus more than 

C7. A deuterium isotope shift of a 2.0 ppm magnitude is not only due to the intrinsic isotope 

effect but is possible because of a contribution from the equilibrium isotope effect described in 

the previous sections.  The VT 13C NMR experiments confirm the initial finding from RT isotope 

effect measurements: C9 is the nucleus mostly affected by the substitution of enolic hydrogen 

with deuterium, therefore it can be concluded that the enolic proton preferred position is on O3. 

With the decrease in temperature deuterium atom moves closer to O3, while it moves towards 

the center of the hydrogen bond at higher temperature, similarly to what was observed in TAE. 

Also, as in case of TAE, the enolic proton never reaches the center of the bond and the geometry 

of the intramolecular hydrogen bond remains asymmetric at all temperatures.  
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2.2.6. Molecular Motion in Avobenzone Crystals 

Molecular motion of compounds like proteins has been of interest in the scientific 

community, due to its role in catalysis, function, enzymatic properties, and their behavior in 

cellular membranes.77–79 Solution NMR has been a classic method of protein dynamics timescale 

determination.80,81 Although studying solid proteins has gained more attention relatively recently, 

solid-state NMR has allowed an array of insights about structural and dynamic nature of 

investigated biomolecules.82–86 

 In case of the dynamics of smaller aromatic molecules, two studies are of particular 

interest. In their work, Li and McDermott found a millisecond aromatic ring flip motion in  

L-phenylalanine hydrochloride crystals, using solid-state NMR.87 Another work presented the 

fast isotropic rotation in the crystal defect of imidazolium ion above 263 K.88  

In the course of our studies of avobenzone it was found that the appearance of the 13C 

NMR spectra were temperature dependent. Variable temperature 13C experiments showed the 

obvious presence of a two-site exchange process, described in the sections below. 

i) Results and Discussion 

The appearance of the 13C NMR spectra of avobenzone-OD at three different 

temperatures is shown in Figure 18.  
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Figure 18. Aromatic region of the 13C NMR spectrum of avobenzone-OD at 212, 301 and 346 K. Acquired at  

11.75 T with the spinning frequency of 9 and 10 kHz. 
     

A temperature-dependent change of peaks corresponding to carbon atoms C2 and C4 

suggest a dynamic motion in solid-state avobenzone. It was possible to determine that C4 is the 

more deshielded of the C2/C4 pair, based on the NMR studies of anisole and other  

1,4-disubstituted benzenes in the solid state.89,90 At low temperature of 212 K the two peaks are 

clearly separate with two very different chemical shifts of 116.87 ppm and 111.18 ppm. With the 

increase in temperature, the two peaks become broader, and finally coalesce into one peak at 

114.65 ppm, a value very close to the average of the two low temperature chemical shifts. A 

series of VT experiments allowed to establish a coalescence temperature of approximately 309 

± 2 K.  
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As for the appearance of the aromatic region 120-140 ppm in Figure 17, solution NMR 

experiments were conducted to assign the aromatic carbon peaks (Appendix A). However, the 

complex and changing appearance of the temperature-dependent spectra in the solid state does 

not allow appropriate peak assignments. The broad and changing nature of these peaks suggest 

temperature-dependent dynamic changes affecting carbon nuclei on the phenyl rings. 

Rate and Barrier of the Methoxybenzene Ring Flips 

For a simple two-site exchange A ⇌ X, the lifetime of a nucleus is equal at site A and X 

and is denoted as τc.91 

At coalescence, the rate constant k can be expressed by Equation 4. 

Equation (4)   𝑘 =
1

τ𝑐 = π
ν𝐴– ν𝑋

√2
 

where (νA – νX) is the chemical shift difference between site A and site X, in Hz in the absence 

of exchange.  For avobenzone in the solid state at 11.75 T, 

νA – νX = 717 Hz ± 10 Hz 

Equation (5)  𝑘 = π
717𝑠−1

√2
= 1593 𝑠−1 ±  22𝑠−1 

It is possible to estimate the free energy of activation using Equation 6, 

Equation (6)      𝑘 = κ (
𝑘𝐵𝑇

ℎ
) exp (

−ΔG†

𝑅𝑇
)  

where κ is a transmission coefficient, generally taken as unity, 𝑘𝐵 is the Boltzmann constant, ℎ 

is the Planck constant, 𝑅 is the molar gas constant and 𝑇 is the absolute temperature at 

coalescence. Substituting numerical values for avobenzone, we obtain: 

Equation (7)    

1593 𝑠−1 ±  22𝑠−1 = 1.0 x
1.381 x 10−23 J 𝐾−1 (309 ± 2 𝐾)

6.626 x 10−34 J s
exp (

−ΔG †

𝑅𝑇
) 
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1593 𝑠−1 = 6.439 x 1012𝑠−1 exp (
−ΔG †

𝑅𝑇
) 

exp (
−ΔG †

𝑅𝑇
) = 2.474 x 10−10 

−ΔG †

𝑅𝑇
= −22.12 

−ΔG † = (−22.12) x (8.314 J 𝑚𝑜𝑙−1 𝐾−1 ) x (309 K)   

ΔG † = 56.8 kJ 𝑚𝑜𝑙−1 ± 1.6 kJ 𝑚𝑜𝑙−1 

 

Barriers between 20 and 100 kJ mol-1 can be investigated by variable temperature NMR.92 To 

put the value of ΔG† for avobenzone ring flips into perspective, the barrier of rotation of ethane 

is approximately 12 kJ mol-1 and 74 kJ mol-1 for formamide. In case of cyclohexane ring flips the 

barrier is approximately 45 kJ mol-1.93–95 

ii) Conclusions 

Temperature-dependent peak coalescence of carbons C4 and C2 indicates a dynamic 

ring flip in the methoxybenzene ring fragment of the avobenzone molecule. Knowing the 

difference in C4 and C2 signals at low temperature in the absence of exchange, it was possible 

to calculate the rate constant of the ring flip, resulting in a value of 1593 ± 22 s-1 at the 

coalescence temperature of 309 K. The barrier of this motion was found to be approximately 

56.8 ± 1.6 kJ mol-1.
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  Examples of the enolic forms of the 1,3-diketones and their deuterium-labelled 

equivalents presented in this work illustrate the following phenomena. 

 Measuring the deuterium isotope effect on 13C NMR chemical shifts at room and variable 

temperatures indicates the asymmetric nature of intramolecular hydrogen bond in TAE. The 

available variable temperature neutron diffraction data – a gold standard in determination of the 

hydrogen atom position, shows agreement with findings obtained via solid-state NMR. The 

enolic hydrogen/deuterium atom changes position with varying temperature, however it never 

reaches the center of the hydrogen bond and remains asymmetric at all temperatures.  

 Similar nature of the hydrogen bond was observed in avobenzone. The deuterium isotope 

effect shows the preference of hydrogen to stay closer to the side of the molecule with tert-butyl 

group. Similarly, to TAE, the deuterium atom moves away from O3 with increasing temperature, 

but it never reaches the center of the hydrogen bond. The 2.0 ppm deuterium isotope shift 

observed in avobenzone at low temperature is of rare magnitude. It can be attributed to the 

contribution of the equilibrium isotope effect due to temperature change.  

 Moreover, the variable temperature NMR study of solid-state avobenzone showed that 

the appearance of the 13C spectrum in the 110-120 ppm region is temperature dependent. The 

peaks in this region correspond to carbon atoms on the ring with -OCH3 group, in the meta 

position. The increase of temperature causes broadening of otherwise two distinct peaks, and 

their coalescence at approximately 309 K (measured at 11.75 T). This is explained by a dynamic 

ring flip, occurring at the rate 1593 ± 22.21 s-1 in the solid state. The calculated free energy of 

activation of this movement was approximately 56.8 ± 1.6 kJ mol-1. 

 Overall, the use of deuterium isotope effects on 13C NMR shifts is a feasible method to 

characterize intramolecular hydrogen bonds in the enolic forms of solid-state 1,3-diketones and 
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beyond. It overcomes limitations posed by other methods (e.g., neutron and X-ray diffraction), 

as it does not require materials to be crystalline, nor the growth of single crystals is required. It 

is particularly useful when studying materials such as avobenzone, where their nature makes the 

crystal growth very challenging. Moreover, variable temperature experiments may uncover 

dynamic changes happening on a certain timescale, as illustrated by avobenzone ring flips.
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 A natural extension of the work presented in this thesis includes expanding the pool of 

1,3-diketones and measuring the deuterium isotope shifts in solid state. In the course of this 

program, it was possible to grow a single crystal and deuterium-label 3-hydroxy-1,3-bis(4-

methoxyphenyl)propan-1-one, structure similar to avobenzone (Figure 19).  

 

  

Figure 19. Molecule of 3-hydroxy-1,3-bis(4-methoxyphenyl)propan-1-one. 

The depiction of hydrogen atoms H1 and H2 in this structure illustrates the hydroxyl-group 

hydrogen was disordered over two positions, each refined with an occupancy factor of 0.5.  

The next step would involve acquiring 13C NMR spectra of natural abundance and -OD labelled 

compounds at variable temperature. To date, spectra were collected at room temperature and are 

presented in Figure 20.  
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Figure 20. C-13 NMR spectrum of natural abundance 3-hydroxy-1,3-bis(4-methoxyphenyl)propan-1-one (dark 

blue) and 3-hydroxy-1,3-bis(4-methoxyphenyl)propan-1-one-OD (red). Acquired at 11.75 T with the spinning 

frequency of 5 kHz at room temperature. 

 

The two most deshielded peaks in red and blue spectra are assigned as C3/C1. Upon deuteration 

of the enolic hydrogen, the most deshielded peak experiences deuterium isotope shift of 1.0 ppm, 

while the other peak at approximately 170 ppm remains unaffected. This indicates, that like in 

avobenzone, the enolic proton favors one side of the keto-enol molecule fragment over the other. 

This is a great illustration of the advantage of deuterium isotope effects on 13C chemical shifts 

as a method of hydrogen position determination. In contrast, X-ray diffraction study is unable to 

provide any insight regarding the position of the hydrogen in a disordered system. 

 The variable temperature NMR experiments can provide further insight into the structure 

of the compound. The presence and magnitude of deuterium isotope effect on 13C chemical shifts 

of C1 and C3 will help to identify the position of enolic hydrogen, as well as indicate possible 

temperature dependent dynamic motions, such as ring flips like those observed in avobenzone.  
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Deuterium Isotope Labelling  

Another extension of this work would involve developing alternative ways of deuterium 

labelling, using mechanochemistry, with a goal to reduce the volume of organic solvents used in 

the process.96,97 Mechanochemistry has been used in O-17 and O-18 isotope labelling with 

success.98 Nevertheless, the topic of mechanochemistry for deuterium labelling is not excessively 

present in the current literature. 

Preliminary experiments involved mechanochemical deuterium labelling of avobenzone. 

Ball milling was used, with methanol-OD being the source of enolic deuterons. The independent 

variables included milling time (interval ranging from seconds to the maximum of 10 minutes) 

and the milling speed (3800 rpm and 4800 rpm). Results were verified by acquiring 1H NMR 

spectra of the samples in CDCl3 solution and the integration of the enolic hydrogen peak was 

indicative of the level of deuteration. The lowest -OH peak integration values were 

approximately 0.7, therefore an approximate 30% level of deuteration was deduced.  

 The major disadvantage of this approach was relying on solution NMR for sample 

screening. One would expect that once the sample is successfully labelled in the solid state, 

solution NMR would reflect the level of sample deuteration. However, the results prompt a 

speculation that there might be an exchange between avobenzone-OD and enolic hydrogen 

sources in solution (such as water contamination). The two main sources of water contamination 

are likely the NMR solvent and water used for cleaning the capsule used for milling. Despite 

leaving the capsule open after diligent wiping, the residual water is certainly trapped in the small 

pores inside the capsule.  

The presence of water in the solution makes 1H NMR unreliable in assessing the true 

level of deuteration achieved in the solid. Once water impurity is in the NMR solution, most 
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likely is an exchange with the enolic -OH of interest occurs. The most reliable sample screening 

method would involve 1H and 2H solid-state NMR, which was impractical due to the large 

number of samples.  

Despite the possible exchange and disturbance caused by H2O, it is still encouraging to see 

approximately 30% successful deuteration across the samples (regardless of the milling time and 

speed).  

 Possible changes in the experimental method to achieve higher deuteration level verified 

by a reliable method include: 

- solvent drying; however, the residual water from the milling capsule will still most likely 

be present. 

- heat-drying the milling capsule, however the maximum temperature would be determined 

by the temperature at which capsule material disintegrates. 

-  using higher sample concentration for 1H solution NMR screening – the idea behind is 

that water molecules and avobenzone molecules compete to exchange the OH group; 

possibly, a significantly higher avobenzone concentration may supress the exchange with 

water in solution. 
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  Experimental Methods 

The solution spectra were acquired on Agilent/Varian Inova three-channel 400 MHz 

spectrometer. The approximate concentration of avobenzone in CDCl3 was 270 mM and the 

spectra were acquired at 26.9 oC, referenced to CDCl3 at 77.06 ppm for 13C and at 7.26 ppm for 

1H. 

Introduction 

This appendix includes a selection of 1- and 2-D 13C and 1H solution NMR spectra of 

avobenzone that allowed to confirm and clarify peak assignments already available in the 

literature.73 

Our peak assignments are in perfect agreement with this of Kockler et al.73 however the authors 

provided only 1-D 1H and 13C solution spectra. To verify peak assignments, we repeated 1-D 

NMR experiments and completed a series of 2-D experiments on natural abundance and 

deuterium labelled avobenzone. Clarification provided by the APT, gCOSY, ROESY, 

gHSQCAD and gHMBCAD was necessary to confirm the assignments, that, in turn was crucial 

to better understand and interpret NMR spectra of avobenzone in the solid state.99–101 
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1. One-dimensional 13C solution NMR 

 

 
Figure 1A. C-13 NMR spectrum of approximately 270 mM solution of avobenzone in CDCl3 acquired at 400 MHz 

and 26.9 oC, referenced to CDCl3 at 77.06 ppm. The assignment of peaks in the 125.64-132.81 ppm range is provided 

in the next sections. 
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To assign the carbon peaks presented in Fig. 1A, the following experiments have been performed.  

 

2. Attached Proton Test (APT) 

 

 Attached Proton Test (APT) is an example of one-dimensional 13C NMR experiment that 

allows one to distinguish between quaternary (C) and methylene (CH2) peaks from methine (CH) 

and methyl (CH3) 13C NMR peaks. It is an example of a spin-echo experiment (using two 

successive radiofrequency pulses to refocus spin magnetization). APT uses 1JCH interaction to 

change sign of signals, yielding positive CH and CH3 and negative C and CH2 peaks. 

 

Figure 2A. Attached Proton Test (APT) 13C spectrum of avobenzone. Methine and methyl (CH and CH3) signals 

have negative phase, quaternary, and methylene (C and CH2) carbons have positive phase.  
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In case of the avobenzone molecule, there are only two CH3 groups: one in the  

methoxy part of the molecule and three in the tert-butyl part. Their assignment in APT is 

straightforward, as the most deshielded and intense signal of negative phase has a chemical shift 

of approximately 31 ppm, typical for methyl groups. The next negative, more deshielded peak at 

approximately 56 ppm is assigned as methoxy group, falling in the typical chemical shift range 

reported for -OCH3.102,103  

Having eliminated the CH3 carbon signals, the rest of negative peaks arise due to CH 

carbons. This includes C8, assigned at approximately 92 ppm and aromatic carbons. From the 

APT spectrum alone, it was possible to distinguish aromatic carbons adjacent to the methoxy 

group (C2 and C4) at 114 ppm. The assignment of the remaining peaks in the aromatic region 

125-133 ppm required additional experiments.  

3. 1H Solution NMR 

 

 
 

Figure 3A. H-1 NMR spectrum of avobenzone with aromatic region enlarged (inset). Hydrogen atom numbering is 

the same as for the carbon atoms; enolic proton is labeled as H23.  
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The 1H NMR peak assignment was significantly facilitated with peak integration. Having 

set H8 integration to one atom, the rest of the peak assignments are consistent with what would 

be expected for avobenzone molecule. The most shielded peak at 1.36 ppm integrated to nine 

atoms corresponds to three methyl groups on the tert-butyl substituent. The more shielded singlet 

at 3.9 ppm corresponds to three hydrogen atoms on the methoxy group (H16). The most 

deshielded peak at 17 ppm arises from enolic proton H23, in the range previously reported in the 

literature.103 

The preliminary assignment of the aromatic region was possible by the analysis of peak 

multiplicity and integration but did not allow to distinguish between specific hydrogen atoms 

(i.e., it was impossible to unequivocally determine whether the doublet at 7 ppm was due to H2,4 

or H12,14 pairs).  

4. Correlation Spectroscopy (COSY) 

 Correlation Spectroscopy (COSY) is a two-dimensional NMR technique that allows to 

determine J-coupling between 1H-1H nuclei (homonuclear) or between 1H-13C nuclei 

(heteronuclear). Both axes of the spectrum describe chemical shifts of the coupled nuclei, with 

cross-peaks indicating which nuclei are coupled to which other nuclei.101 

 

 

 

 

 

 

 



APPENDIX A 

Avobenzone Solution NMR Spectra 

 

   

59 

 

 

 

Figure 4A. Gradient correlation spectroscopy (gCOSY) spectrum of avobenzone in CDCl3. Cross-peaks appear 

between protons that have a three-bond spin-spin coupling 3JHH. 

 

 

 

 

 

 

 



APPENDIX A 

Avobenzone Solution NMR Spectra 

 

   

60 

 

5. Rotating Frame Overhauser Effect Spectroscopy (ROESY) 

 

Figure 5A. 1H Rotating frame Overhauser effect spectroscopy (ROESY) NMR spectrum of avobenzone (top) in 

comparison with 1H spectrum (bottom).  

 

Rotating Overhauser Effect (ROE) arises from protons with direct dipolar interactions. Since the 

inverted peak at 1.36 ppm is due to tert-butyl group, the peaks at 7.51 ppm and 7.49 ppm are the 

aromatic protons H12 and H14, adjacent to the tert-butyl group. 
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6. Gradient selected Heteronuclear Single Quantum Correlation (gHSQCAD) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6A. 1H-13C Gradient selected Heteronuclear Single Quantum Correlation (gHSQCAD) spectrum of 

avobenzone.  

 

Cross-peaks in Fig. 22 indicate hydrogen atoms (horizontal axis) directly attached to 

corresponding carbon atoms (vertical axis). Therefore, C3, C6, C7, C9, C10, C13 and C17 do 

not have cross-peaks, as they are not directly attached to any hydrogen atoms. 
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7. C-13 and 1H solution spectra of deuterium labelled avobenzone (avobenzone-OD).  

 

 

Figure 7A. C-13 NMR spectrum of approximately 270 mM solution of avobenzone-OD in CDCl3 acquired  

at 700 MHz and 27.0 oC, referenced to CDCl3 at 77.06 ppm. 
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Figure 8A. H-1 NMR spectrum of approximately 270 mM solution of avobenzone-OD in CDCl3 acquired  

at 700 MHz and 27.0 oC, referenced to CDCl3 at 7.26 ppm. 
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Table 1A. Summary of solution 1H and 13C NMR peak assignments of avobenzone. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Atom 𝛿(1H)/ ppm ± 0.01 ppm 

Natural abundance 

𝛿(1H)/ ppm ± 0.01 ppm 

Avobenzone-OD 

t-Bu 1.36 1.33 

OCH3 3.88 3.87 

H8 6.78 6.77 

H2, H4 6.98 6.98 

H12, H14 7.50 7.50 

H11, H15 7.92 7.91 

H1, H5 7.98 7.97 

OH 17.04 17.03 

Atom 𝛿(13C)/ ppm ± 0.01 ppm 𝛿(13C)/ ppm ± 0.01 ppm 

-(CH3)3 31.17 31.16 

C13 35.09 35.07 

C16 55.50 55.48 

C8 92.14 92.21 

C2, C4 113.99 113.99 

C12, C14 125.64 125.63 

C11, C15 126.93 126.90 

C6 128.36 128.45 

C1, C5 129.26 129.24 

C10 132.81 132.79 

C13 155.97 155.92 

C3 163.17 163.14 

C9 184.24 183.45 

C7 185.84 183.50 
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Experimental Methods 

The 13C solution spectra were acquired on Agilent/Varian VNMRS two-channel 500 

MHz spectrometer with C13/H1 dual cold probe. The approximate concentration of TAE in 

CDCl3 was 210 mM and the spectra were acquired at 27.0 oC, referenced to CDCl3 at 77.06 ppm. 

The solution 1H solution spectra were acquired on Agilent/Varian Inova three-channel 400 MHz 

spectrometer at 26.9 oC, referenced to CDCl3 at 7.26 ppm. 

 

1. One-dimensional 13C solution NMR 

 
Figure 1B. C-13 NMR spectrum of approximately 210 mM solution of TAE in CDCl3 acquired at 500 MHz and 27.0 oC, 

referenced to CDCl3 at 77.06 ppm.  
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In contrast to the TAE in the solid state, the carbon nuclei C1/C3 and methyl C4/C5 are 

indistinguishable due to the rapid molecular motion in solution and the spectrum resembles this 

of acetylacetone.  

2. 1H Solution NMR 

 

 

Figure 2B. 1H NMR spectrum of approximately 210 mM solution of TAE in CDCl3 acquired at 400 MHz and 26.9 oC, 

referenced to CDCl3 at 7.26 ppm. The high intensity peak at 1.56 ppm is water impurity.9 
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Experimental Methods 

Cambridge Sequential Total Energy Package (CASTEP) code (versions 7.0 and 8.0).37 

CASTEP employs DFT using the plane-wave pseudopotential approach. For all calculations in 

this work, the generalized gradient approximation with the Perdew−Burke−Ernzerhof exchange 

correlation functional was chosen.104 The NMR parameters were calculated using the gauge 

including the projector augmented waves (GIPAW) method implemented in the NMR module 

of CASTEP.105,106 

Results Summary 

The comparison of calculated and experimental chemical shifts are presented in Table 4. 

The chemical shifts predicted by CASTEP are based on a neutron diffraction study at 298 K and 

experimental C-13 shifts are from a spectrum acquired at 294 K for comparison.  

 

 

 

 

 

 

Table 1C. Comparison of CASTEP-computed and experimentally determined chemical shifts 13C NMR of TAE. 

 

C σiso calculated /ppm δcalculated /ppm δexperimental /ppm δexperimental - δcalculated /ppm 

1 -30.68 210.1 198.9 -11.2 

2 61.14 109.3 109.0 -0.3 

3 -19.47 189.9 190.9 1.0 

4 157.17 13.2 27.2 14.0 

5 168.44 2.0 21.1 19.1 

Parameters: 𝝈𝒄𝒂𝒍𝒄 = 𝒂 𝜹𝒆𝒙𝒑 + 𝒃, where  𝒂 = −𝟏. 𝟎𝟎𝟎 and 𝒃 = 𝟏𝟕𝟎. 𝟒𝟎𝟎

C5 
C4 
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Experimental Methods 

Cambridge Sequential Total Energy Package (CASTEP) code (versions 7.0 and 8.0).37 

CASTEP employs DFT using the plane-wave pseudopotential approach. For all calculations in 

this work, the generalized gradient approximation with the Perdew−Burke−Ernzerhof exchange 

correlation functional was chosen.104 The NMR parameters were calculated using the gauge 

including the projector augmented waves (GIPAW) method implemented in the NMR module 

of CASTEP.105,106 

Results Summary 

The comparison of calculated and experimental chemical shifts are presented in Table 1D. 

Overall, the chemical shifts predicted by CASTEP are close to experimental values. The most 

significant difference is observed in tert-butyl C19,19,20. Computations predict the three shifts 

to be distinct, while they is only one peak at 31.3 ppm experimentally.   
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Table 1D. Comparison of CASTEP-computed and experimentally determined chemical shifts 13C NMR of 

avobenzone. 

  

C σiso calculated /ppm δcalculated /ppm δexperimental /ppm δexperimental - δcalculated /ppm 

1 36.8447 133.57 - - 

2 59.4294 110.85 111.2 0.35 

3 7.3598 163.24 163.1 -0.14 

4 53.6731 116.64 116.7 0.35 

5 42.7322 127.65 - - 

6 40.8308 129.56 130.1 0.35 

7 -20.8090 191.58 192.1 0.52 

8 75.1647 95.01 93.9 0.35 

9 -8.8916 179.59 181.8 2.21 

10 41.5262 128.86 131.2 0.35 

11 44.2745 126.09 - - 

12 44.7481 125.62 - - 

13 10.8355 159.74 157.0 -2.74 

14 39.8568 130.54 - - 

15 44.2172 126.15 - - 

16 116.8567 53.07 54.6 0.35 

17 134.0723 35.75 35.4 -0.35 

18 143.9644 25.79 31.3 0.35 

19 139.0527 30.73 31.3 0.57 

20 140.5440 29.23 31.3 0.35 

Parameters: 𝝈𝒄𝒂𝒍𝒄 = 𝒂 𝜹𝒆𝒙𝒑 + 𝒃, where  𝒂 = −𝟏. 𝟎𝟎𝟎 and 𝒃 = 𝟏𝟕𝟎. 𝟒𝟎𝟎𝟎 
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This section includes the error estimation for the activation energy barrier of the methoxybenzene 

ring flips in avobenzone. 

𝑘 = π
717𝑠−1

√2
= 1593 𝑠−1 ±  22𝑠−1 

 

 Error Estimation:  π
± 10𝑠−1

√2
= ± 22.21𝑠−1 ≈ 22𝑠−1 

 

𝑘 = κ (
𝑘𝐵𝑇

ℎ
) exp (

−ΔG †

𝑅𝑇
) 

 

1593 𝑠−1 ±  22𝑠−1 = 1.0 x
1.381 x 10−23 J 𝐾−1 (309 ± 2 𝐾)

6.626 x 10−34 J s
exp (

−ΔG †

𝑅𝑇
) 

1593 𝑠−1 = 6.439 x 1012𝑠−1 exp (
−ΔG †

𝑅𝑇
) 

exp (
−ΔG †

𝑅𝑇
) = 2.474 x 10−10 

−ΔG †

𝑅𝑇
= −22.12 

−ΔG † = (−22.12) x (8.314 J 𝑚𝑜𝑙−1 𝐾−1 ) x (309 K)   

ΔG † = 56.8 kJ 𝑚𝑜𝑙−1 ± 1.6 kJ 𝑚𝑜𝑙−1 

Error Estimation: 

Temperature Relative uncertainty =
2 𝐾

309 𝐾
x 100% = 0.647%   

Frequency Relative uncertainty =
 22.21𝑠−1

1593 𝑠−1
x 100% = 1.394%   
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1.394% = 1.0 x
1.381 x 10−23 J 𝐾−1 x 0.647%

6.626 x 10−34 J s
exp (

−ΔG †

𝑅𝑇
) 

1.394% = 0.647% exp (
−ΔG †

𝑅𝑇
) 

exp (
−ΔG †

𝑅𝑇
) =

1.394%

0.647%
= 2.041% 

56.8 kJ 𝑚𝑜𝑙−1 x 2.041% = 1.6 kJ 𝑚𝑜𝑙−1  

 


