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Abstract 

This work is addresses the issue of signal acquisition in solid-state Nuclear Magnetic Resonance 

(NMR) of paramagnetic coordination complexes and provides a comprehensive overview of a 

methodology of signal assignment. Model coordination complexes include a series of 

bis/tris(acetylacetonate)metals, where the metal is varied across the transition metals from 

titanium to copper. Additionally, a coupled spin system of copper acetate is studied to 

demonstrate the effect of the magnetic coupling on the solid-state NMR signal. 13C and 1H NMR 

spectra of these compounds are acquired and interpreted in terms of molecular orbital 

interactions and valence bond theory with the aid of Density Functional Theory (DFT) 

calculations. The influence of electronic configuration on the detectability of 13C and 1H 

resonances is addressed. Based on these results, a general methodology for signal acquisition and 

assignment emerges, which allows chemists to probe magnetically unquenched electronic 

environments and potentially exploit paramagnetic interactions for molecular structural 

elucidation. Finally, the electronic characteristics of paramagnetic solids favorable for the 

acquisition and interpretation of high-quality, structurally informative NMR spectra are 

identified.  
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Introduction 

 

Chapter 1: Introduction  

Nuclear magnetic resonance (NMR) spectroscopy is a popular method for the elucidation 

of molecular properties at the atomic scale. One of the major advantages of this technique is the 

ability to tune to different types of nuclei in the system and listen to their signals in separate 

experiments. In these terms, NMR spectroscopy can be thought of as a way to record signals 

from various “radio stations”. With this analogy, different nuclei broadcast encoded information 

about the local chemical and magnetic environments of the atom. One can argue that NMR of a 

different nucleus is a completely new experiment in itself, thus NMR of multiple nuclei of the 

same system can provide the analyst with enough pieces of the puzzle to obtain comprehensive 

insight into desired structural detail [1]. 

1.1 Development history of paramagnetic NMR 

Nuclear magnetic resonance (NMR) spectroscopy has seen major development since the 

first reports of NMR in bulk materials by the independent groups of Purcell and Bloch in late 

1946 [2]. This discovery earned both of them a Nobel Prize in Physics in 1952. A year later, 

Albert Overhauser described the effect of unpaired electrons on the nuclear spin resonance signal 

[3] and proposed a mechanism to enhance NMR signals via magnetization transfer from 

conducting electrons, the nuclear Overhauser effect (NOE). This led to the development of a new 

branch of magnetic resonance: dynamic nuclear polarization (DNP) [4]. 

Conventional NMR provides a probe for the local environment of a specific atom and 

enables detailed structural elucidation. The majority of studies are done on diamagnetic species, 

i.e., those that have no unpaired electrons. Studies of paramagnetic systems that have an 
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unquenched magnetic moment began in the 1950’s, led by physicists such as Overhauser. The 

major limitation of NMR studies of paramagnetic samples is the overwhelming magnetic 

contribution of the unpaired electron to the nuclear resonance signal. The electron-nuclear 

interaction significantly degrades resolution and sensitivity, making the interpretation of the 

NMR spectrum more difficult. This perturbation stems from the greater magnetic moment of an 

unpaired electron compared to any spin-active nucleus, by at least three orders of magnitude 

(Chapter 1 in [5]). 

Early experimental investigations of paramagnetic interactions can be dated to the late 

1940’s, in the works of Bloembergen, Purcell and Pound [6], and Knight [7]. In 1955, Solomon 

published the first comprehensive theoretical account of dipolar-based relaxation processes for a 

system of two spins [8]. This paper marked the inception of the point-dipole model (PDM), the 

same model is used to this day to interpret paramagnetic interactions using the distance between 

the nucleus and the paramagnetic centre. The formulation of nuclear relaxation that was 

suggested by Solomon provided the necessary understanding of the contributions of electronic 

properties to the paramagnetic NMR spectra in both solids and solutions. Nuclear spin relaxation 

has a direct influence on NMR signal width, thus the ability to estimate relaxation provides a 

handle for estimating the signal detectability. It is no surprise that this publication is one of the 

most cited works in the paramagnetic NMR literature, approaching nearly 2900 citations by 2017 

[9].  

In 1955, Kozyrev [10] presented results of an electron paramagnetic resonance 

experiment on a dilute solution of VO2+. He was able to resolve 13 resonances that manifest the 

paramagnetic interaction. A year after Kozyrev’s publication,  McConnell published an early 

description of the 1H NMR signal of an aromatic free radical on the basis of molecular-orbital 
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interactions. Observed resonances suggested the presence of the polarization mechanism [11], 

which is described in detail in the Theory section of this thesis. This was an early attempt to 

provide an assignment of paramagnetic spectra using only molecular-orbital interactions.  

In the following years, there were many publications that investigated the relaxation 

aspect of paramagnetic NMR in the solution state. Among the most notable works was 

Bloembergen and Morgan (1961) that used 1H NMR to compare electronic relaxation derived 

from the point-dipole model applied to the direct relaxation measurement with electron 

paramagnetic resonance (EPR) spectroscopy [12]. The authors found satisfactory agreement, 

which confirmed the validity of Solomon’s model.  

The 1960s marked a rising interest in paramagnetic NMR and its potential application to 

solid samples with unquenched magnetic moments. This decade saw a number of theoretical and 

experimental investigations of different aspects of NMR experiments and their relation to 

specific electronic properties. Golding [13] discussed the theory of the temperature dependence 

of NMR spectra in paramagnetic octahedral complexes. This work was the first account of the 

effects of spin-orbit coupling in NMR experiments, an important property of unpaired electrons, 

and is now used to describe pathways of electron transfer or conductivity [14]. The work is 

largely based on the book by Griffith “The Theory Of Transition Metal Ions” published in 1961 

[15]. This book contains a detailed account of magnetic-susceptibility measurements and spin-

orbit coupling theory. This theory was modified to account for spin-orbit coupling effects on 

paramagnetic NMR shifts by Golding (1964) [13].  

In 1965, the first NMR investigation of a variety of transition-metal acetylacetonates was 

published [16]. The study examined 14 transition-metal complexes including almost all third-row 

metals. Signal assignments for all complexes were based on expected relative signal intensities 
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of methyl and methine functional-group signals. These groups have a 1H intensity ratio of 6:1 in 

a symmetric environment of acetylacetonate ligands. This assumption was likely to have validity 

in the solution state, where rapid tumbling motions were present and would average out any 

minor structural distortions. This was not a valid approach for a solid sample, where crystal 

packing results in a more fixed structure. This subject will be discussed in a greater detail later in 

the thesis. Eaton[16] provided a more in-depth analysis of MO interactions that could lead to 

observed 1H shifts, in line with the theoretical principles of the work of McConnell [11]. Another 

important contribution of this paper was the unambiguous correlation between observability of 

NMR and EPR spectra of the same complex. Eaton concluded that if a sharp NMR signal was 

observed for a paramagnetic sample, that same sample should have a broad or unobservable EPR 

resonance, and vice versa. Thus paramagnetic NMR and EPR can be thought to probe the same 

effects of unpaired electrons on the system but from different points of view. This observation is 

in agreement with the point-dipole model published by Solomon a decade earlier.  

Research on metal acetylacetonates has continued throughout the development of 

paramagnetic NMR. A recent detailed study on a variety of coordination complexes, including 

some metal acetylacetonates in the solution phase, was done by Rastrelli and Bagno [17]. The 

authors used modern computational resources and high NMR fields to probe 1H and 13C 

environments. They pointed out some errors in earlier assignments which became apparent with 

modern advances in NMR technology. However there was no new development in their theory 

of paramagnetic interactions in NMR. 

In the 1970s, the field of paramagnetic NMR saw a major advance in experimental work 

followed by refinements to the theory. This growth is correlated with technological advances in 

instrumentation over that period. By 1973, there had been enough experimental and theoretical 
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work done solely on paramagnetic NMR that La Mar et al published “NMR of Paramagnetic 

Molecules: Principles and Applications” [5]. This work listed all major discoveries in the field 

over the two previous decades and provided additional background to spectroscopists for the 

interpretation of paramagnetic spectra.  

As interest in paramagnetic NMR bloomed and greater magnetic field strengths were 

becoming available, there was a rise in misguided spectral interpretation that led to wrong 

conclusions. These mistakes arose from the inappropriate use of theory to interpret observed 

paramagnetic shifts and the absence of additional experimental evidence that could justify 

assignments. Additional sources of confusion came from misused notations and unit conversions 

between cgs and SI unit systems. These errors were addressed in detail by La Mar et al Chapter 

3.3 [5]. In 1979, Golding and Stubbs published “NMR shifts in paramagnetic systems: a 

nonmultipole-expansion method” [18]. Their conclusion was a warning signal to NMR 

spectroscopists to take extreme care in the interpretation of their NMR results. Golding and 

Stubbs pointed out that both molecular-orbital interactions and electron-nuclear dipolar 

contributions could lead to significant shifts in experimental NMR signals. Thus spectral 

interpretation had to have a comprehensive account of both interactions. Golding and Stubbs 

introduced approximated molecular orbitals and provided their mathematical formulation, based 

on a d1 transition metal in an octahedrally coordinated environment. This was the first account of 

an approximated molecular-orbital contour-plot diagram that illustrated the relation between 

orbital occupancies and expected paramagnetic NMR shift. This brought into focus another 

potential problem with the interpretation of paramagnetic NMR spectra, which was the 

importance of an appropriate structure for modelling. This issue had not been previously tackled 

as geometries from x-ray diffraction (XRD) experiments were used. However, XRD structures 
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corresponded to molecular geometries in a solid state, whereas paramagnetic research up to that 

point had been done on solution NMR.  

The development of paramagnetic NMR research to the solid state was constrained until 

the late 1980s by a few obstacles. The major obstacle was the difference in the sample state: 

molecules in a liquid undergo rapid tumbling motion which averages inhomogeneous magnetic 

interactions with respect to the stationary observer; in contrast, in the solid state all molecules 

have a more defined location, thus anisotropic interactions dominate the observed spectrum of a 

static solid sample, resulting in a variety of broad and often featureless spectral shapes. More 

information about these interactions can be found in the Theory section. The presence of 

unpaired electron density with its large unquenched magnetic moment creates a significant 

perturbation to the field of the nucleus, whereas this perturbation is successfully averaged in 

solution NMR. To avoid this detrimental signal broadening in the solid state, magic-angle 

spinning (MAS) was developed [19, 20]. This technique will be addressed in greater detail in the 

Theory section. In short, MAS averages anisotropic interactions with respect to a stationary 

observer by rotating a powdered sample about a specific angle with respect to the magnetic field. 

Improvements in technical aspects of MAS by 1988 allowed measurement and publication of the 

spectra of copper (II) chloride dehydrate [21], and the analysis set the fundamental ground for 

interpretation of anisotropic signals in solid-state paramagnetic NMR. The authors were able to 

estimate the degree of electronic delocalization through modeling of the anisotropic nuclear 

signal when affected by paramagnetic coupling.  

Since the development of fast MAS, paramagnetic NMR has seen a dramatic increase in 

application to different areas of materials research. There have been many review articles that 

focus on applications of paramagnetic NMR to specific systems. In the 1960s, there were not 



Introduction 

7 
 

enough experimental results available to provide a comprehensive interpretation of all effects. A 

more comprehensive account of paramagnetic coupling in NMR of solutions was given in 1973 

by La Mar et al. [5]. Greater attention was given to paramagnetic relaxation in solutions by 

Kowalewski et al. [22] in 1985. The next major reviews in the field followed 25 years later with 

the development of specific areas of interest in paramagnetic NMR, including the solid state. 

Clore et al. [23] in 2009 described the applicability of paramagnetic relaxation to biological 

macromolecules. Throughout 2010 to 2013, many reviews were published regarding the 

applicability of paramagnetic NMR to porous materials [24], protein structures [25], electronic 

properties in molecules [26] and for use as crystallographic restraints [27].  

1.2 Application of paramagnetic solid-state NMR 

Here are presented some recently developed areas of interest in the field of paramagnetic 

solid-state NMR. 

1.2.1 Method development 

McDermott et al. introduced 2H MAS NMR of paramagnetic compounds [28]. The 

authors presented the capabilities of anisotropic electron-nuclear interaction in paramagnetic 

solid-state NMR to determine local environments. For demonstration, the authors used V(acac)3 

and Mn(acac)3; however at that time, not all polymorphs of these structures were known [29]. 

The local geometries of paramagnetic environments were assessed through the spinning sideband 

manifolds of the 2H NMR signal. Their result showed that the structure could be confirmed to 

within ±0.5 Å distance and ±20°angle with respect to the paramagnetic center and its magnetic 

tensor. Although this is a significant result achieved with an approximate point-dipole model, it 
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would fail to distinguish between existing polymorphs of these complexes (see below). The 

authors gave a promising conclusion regarding the potential application of this approach to large 

biomolecular systems, including local structure and dynamics at active site [30]. 

An important contribution to the methodology of experimental approaches to solid-state 

paramagnetic NMR was introduced by Ishii et al. from 2003 to 2008. His work focused 

primarily on ways to optimize experimental conditions to maximize the time efficiency in 

natural-abundance samples and introduce correlation experiments for signal enhancement and 

structural assignment [31-33]. These principles were tested on V(acac)3 and Mn(acac)3 as well-

characterized model compounds. The authors relied on fast nuclear relaxation due to 

paramagnetic coupling to speed up 13C and 1H MAS NMR experiments by orders of magnitude, 

thus boosting their effective sensitivity. The improvement in experimental sensitivity, together 

with successes in cross polarization and dipolar Insensitive Nuclei Enhanced by Polarization 

Transfer (INEPT) 13C{1H} correlations, allowed two-dimensional heteronuclear correlation 

experiments at natural abundance in a relatively short timeframe.   

Another notable contribution to the experimental acquisition of paramagnetic solid-state 

NMR came from Kervern et al. [34] in 2007, who described in great detail how to create short, 

high-power adiabatic pulses for NMR experiments. These pulses provide a more uniform 

excitation over a large spectral range, which is usually a requirement for paramagnetic solid-state 

NMR. Conventional hard pulses may not be able to excite the entire spectrum uniformly, as will 

be shown later in the thesis. Thus, signal intensities in such spectra are less representative of 

relative spin counts.  

In 2003, Carlier et al. [35] presented theoretical work on paramagnetic solid-state NMR 

shifts in transition-metal oxides. The authors relied on the previous success of Oldfield et al. [36] 
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in the application of density functional theory (DFT) to interpret paramagnetic NMR shifts in 

solution. They found a correlation between predicted and experimental shifts. Another important 

contribution of this work is a detailed account of spin-density transfer pathways in order to 

generalize observed shift trends. These pathways correlate strongly with the local environment of 

the paramagnetic center and with occupancies of molecular orbitals.  

Electron-spin-transfer effects in paramagnetic solid-state NMR were also investigated by 

Michaelis et al. [37] The work was based on nuclear shifts of 137Ba and 89Y in double perovskites 

of the form Ba2YMO6 (M = Mo, Re, Ru). This study is especially noteworthy as it illustrates the 

advantages of paramagnetic interactions to study unconventional nuclei. 137Ba NMR is 

traditionally known to be challenging due to low sensitivity, requiring long experimental delays, 

and has broad resonances due to quadrupolar interactions. 89Y has even lower sensitivity and due 

to its low spin and resonance frequency, the experimental delay makes it impractical for routine 

NMR (Chapter 8.2.1 [1]). The presence of paramagnetic interactions in these double perovskite 

structures solved most of those issues with improved relaxation rates for both nuclei. 

Additionally, extremely large paramagnetic shifts were recorded for the series. These shifts not 

only greatly enhanced the spectral resolution of 89Y and 137Ba NMR that could be used to 

identify impurities or multiple phases, but also provide a sensitive benchmark for distribution of 

unpaired electron spin density in the complex. A double perovskite of the same series with M = 

Os was later studied, where 89Y MAS NMR was successfully applied to indicate possible site 

mixing [38]. 
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1.2.2 Paramagnetic Tags 

Brough et al. [39] showed that heavy paramagnetic ions, such as lanthanides, can be used 

for distance measurements in the solid state. These ions can be introduced to a substrate via 

chemical synthesis and provide a paramagnetic center. Their approach relied on measurements of 

nuclear-relaxation time with solid-state MAS NMR. With the use of the point-dipole model, the 

authors were able to extract distances to the paramagnetic site based on these measurements. To 

avoid the issue of ambiguous signal assignments, they applied selective isotopic enrichment and 

used the methods of Nayeem and Yesinowski [21] to experimentally verify the observed 

envelope of spinning sidebands from MAS. Agreement between all three identification methods 

confirmed both assignments and distances. Thus the authors demonstrated a working approach to 

the analysis of complicated paramagnetic 13C spectra with signals spanning over 1000 ppm, 

whereas the conventional 13C NMR of diamagnetic compounds is known to appear in the 0 - 200 

ppm region with well-established assignments [40]. The analysis method used in this paper laid 

the ground for much subsequent work in solid-state paramagnetic NMR that is concerned with 

distance measurements from a known paramagnetic tag.  

In 2012, Luchinat et al. [41] presented their work on structural determination in solid 

state paramagnetic NMR. They were able to characterize the structure of a protein bound to a 

paramagnetic Co2+ ion through shifts caused by the anisotropic magnetic moment of the ion. 

These shifts imposed distance restraints that together with pXRD data and dihedral angle 

restraints provided the necessary information to perform an ab-initio structure calculation of the 

protein. Their work showed the possibility of tackling protein-sized molecules with solid state 

NMR for structural analysis. Their results are in agreement with the single-crystal diffraction 
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data and could greatly simplify the process of structural elucidation of large molecules without 

the need to grow single crystals for diffraction.  

An important application of paramagnetic tags is currently being applied successfully in 

magnetic-resonance imaging (MRI), a branch of NMR that focuses on imaging living tissue and 

organisms for medical purposes. Current applications focus on the use of gadolinium-containing 

paramagnetic tags in order to provide image contrast within the sample tissue. Here, researchers 

and medical professionals use the principles summarized in Solomon’s point-dipole model on 

nuclear relaxation. Nuclei that are closer to the paramagnetic tag show fast relaxation and thus 

provide a contrast in the MRI image. These tags are currently being used successfully in 

hospitals. However, due to potential toxicity of degradation products, such as Gd3+ ion, the 

dosage has to be minimized and strictly regulated [42]. 

1.2.3 Battery materials 

Interest in paramagnetic NMR includes materials with conducting properties for use in 

batteries. Kumar et al. [43] published a method to separate the quadrupolar coupling of 7Li 

nuclei from the paramagnetic dipolar interaction. They showed how a two-dimensional 

experiment on a paramagnetic perovskite, La2Li0.5Ni0.5O4, can be used to measure quadrupolar 

couplings of 7Li and clearly separate that contribution from paramagnetic dipolar coupling, 

which can then be used to describe the ionic mobility and proximity to the paramagnetic center. 

In principle, these parameters could be used to study conductivity in battery materials.  

Grey’s group [44] studied iron phosphate and its lithium derivatives for their promising 

application as cathode materials in lithium-ion batteries. Their 7Li and 31P MAS NMR spectra 

had been well-characterized and correlated with available XRD structures through calculations 
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with density functional theory and susceptibility measurements. Thus, the authors were able to 

establish a firm connection between the structure and observed experimental spectra, which 

could have potential application in further studies of battery materials, such as charge/discharge 

behavior. A recent publication from this group focuses on 25Mg NMR of Mg-ion based batteries 

[45]. NMR of this nucleus is experimentally challenging; however, the paramagnetic interactions 

in these materials allow reasonably efficient acquisition and interpretation of local environments 

of Mg.  

1.2.4 Glasses 

Solid-state paramagnetic NMR has also been attempted in glass samples. Mortuza et al. 

showed the effect of paramagnetic impurities on sodium disilicate glasses at impurity levels of 

MnO reaching 0.8 mol%. This was one of the first studies of paramagnetic influences on the 

NMR spectra of glasses [46]. Their study indicated the systematic broadening of glass 

resonances and a slight shift to lower frequency. Resonance broadening is to be expected in the 

presence of paramagnetic interactions according to the Solomon’s point dipole model; however, 

the origin of the shift remains unknown as there are multiple possible contributions that could 

result in slight shift changes. Their work was one of the first to show the general effects of 

paramagnetic impurities on glass spectra, apart from the reduction in 29Si nuclear relaxation time, 

which allowed faster NMR experimental time.  

1.2.5 Metal-organic frameworks (MOFs) 

Aguiar et al. [47] studied cyanide coordination polymers containing transition metals by 

NMR. This work capitalized on enhanced nuclear relaxation from paramagnetic interactions to 

boost the sensitivity of natural abundance 13C and 15N MAS NMR experiments.  The study 
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presented the capabilities of paramagnetic solid-state NMR to discover local connectivities and 

extract relevant distances to the paramagnetic center using the point-dipole model. Coordination 

polymers of this type bear a close resemblance to metal-organic frameworks (MOFs), three-

dimensional porous solids composed of periodic organic linkers bound by metal ions at nodal 

intersections. These structures are currently studied for a variety of applications ranging from 

catalytic and biological to inert gas capture and materials for battery electrolyte [48, 49]. 

13C MAS NMR of MOFs with paramagnetic centers was reported for the first time by 

Dawson et al. [50]. The authors were able to use the ability of NMR to study local nuclear 

environments in detail and determine potential structural variations that can occur in the 

extended MOF structure. The presence of structural variations can have an important role on 

MOF properties. The authors found that the assignment of NMR spectra in these extended 

structures was ambiguous and required selective isotopic enrichment to validate the signal 

assignments.  

1.3 Metal acetylacetonate compounds 

This thesis focuses on the interpretation of experimental NMR spectra in relation to 

electronic spin density distribution and the structure of transition-metal complexes involving the 

acetylacetonate ligand. In particular, the series includes tris-ligand complexes with titanium, 

vanadium, chromium, manganese and iron; bis-ligand complexes with nickel and copper metals 

and a vanadyl group. Additionally, a copper acetate dihydrate molecule will be presented as an 

example of a spin-coupled system. First-row transition metals are selected with d1 (Ti3+, V4+), 

d2(V3+), d3(Cr3+), d4(Mn3+), d5(Fe3+), d7(Co2+), d8(Ni2+) and d9(Cu2+) electronic configurations. 
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The gradual increase in the d-orbital occupancy enables a systematic approach to the 

investigation of paramagnetic contributions to the 13C and 1H NMR signal of the ligands.  

2,4 – pentanedione, also referred to as acetylacetone or acac, is illustrated in Figure 1.1 

(top) in its two tautomeric forms. The enolate can form a bidentate ligand with medium- and 

small-sized cations, and is used as a metal sieve in ore processing [51]. Upon complexation with 

the metal, a six-membered ring is formed with the aromatic character, as illustrated in Figure 1.1 

(bottom) with the extended π-bonding. The oxygen atoms chelate to the metal center via σ-

bonding and π-donor interactions with the two lone pairs, one of which is found as a part of the 

pseudoaromatic system, while another is in the plane of the ligand. The term “pseudoaromatic” 

has been coined by Seko [52], as the metal is not considered to participate in the aromatic 

FIGURE 1.1: Molecular structures of 2,4 – pentanedione (top) and its complex with a metal (bottom) 

illustrating major diatomic orbital interactions.  

 

 

Enol Keto 



Introduction 

15 
 

stabilization. The complexation of three bidentate acac ligands provides a near-octahedral 

coordination of oxygen atoms around the metal center, while a complex with two ligands 

produces a near-square planar geometry. Bis-ligand complexes of Ni2+ and Co2+ are known to 

contain additional water molecules that complete the pseudo-octahedral geometry. Each complex 

has its own individual structural distortion due to crystal packing of molecular units and the 

Jahn-Teller distortion, where present.  

Acetylacetonate complexes are used as catalysts and a starting material for nanoparticle 

synthesis [51, 53, 54]. Their general ease of synthesis, coupled with the ability to host nearly any 

metal, makes them a perfect target for theoretical investigation of electronic properties [55-58]. 

1.3.1 Ti(acac)3 

Tris(acetylacetonato)titanium(III), or Ti(acac)3, consists of three acetylacetonate ligands 

chelating to the titanium metal having a single unpaired electron shared among its d-orbitals. The 

splitting of d-orbital energy levels can be approximated with that of the octahedral field in Figure 

1.2. This electronic configuration is subjected to Jahn-Teller distortion that lifts the degeneracy 

of individual orbitals, as shown in Figure 1.2. 

 

t2g (dxy, dxz, dyz)

eg (dz2, dx2-y2)

FIGURE 1.2: Crystal-field splitting of Ti(acac)3 approximated by an octahedral field. 
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Our group has refined the crystal structure of a freshly made sample of Ti(acac)3 at 55°C, 

which is in agreement with previously published results to within 3 standard deviations. The 

crystal structure contains two symmetry-equivalent stereoisomers with a space group P21/n. The 

complex undergoes a rapid oxidation upon exposure to the ambient environment that converts 

the deep blue powder to the dark brown diamagnetic form of TiO(acac)2 [59]. 

1.3.2 V(acac)3 

Tris(acetylacetonato)vanadium(III), or V(acac)3, with three bidentate ligands of 

acetylacetonate creates a near-octahedral coordination of the oxygen surrounding the vanadium 

center. Vanadium metal in its 3+ oxidation state contains two unpaired electrons that are shared 

among the three low-lying d-orbitals in the octahedral field, Figure 1.3. The complex is 

significantly more air stable than its titanium analog. Only upon prolonged exposure to the 

atmosphere, on the order of days, does the oxidation of V3+ to V4+ take place, with a 

characteristic color change: V(acac)3 is dark-brown, which changes to lustrous green upon 

oxidation to VO(acac)2 [60]. 

The electronic configuration of the metal in V(acac)3
 allows Jahn-Teller distortion. This 

effect is more pronounced than in Ti(acac)3 as the vanadium complex has at least two packing 

 

t2g (dxy, dxz, dyz)

eg (dz2, dx2-y2)

FIGURE 1.3: Crystal-field splitting of V(acac)3 approximated by an octahedral field. 
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arrangements in the solid state [29]. The α-form of V(acac)3
 crystallizes in the Pbca space group, 

whereas the β-form crystallizes in the P21/c group. A recent publication in 2017 reveals more 

crystal structures that retain the above group identities, yet they contain split crystallographic 

occupancies of one of the ligands [29]. Partly occupied ligands possess different degrees of 

distortion from the idealized D3 symmetry of the molecule.  

1.3.3 Cr(acac)3 

Tris(acetylacetonato)chromium(III), or Cr(acac)3, has a stable oxidation state and 

coordination of the chromium ion. The crystal form of the complex at room temperature has a 

single unique molecular unit in a unit cell of P21/c symmetry [61]. Chromium in this complex 

has three unpaired electrons in a near-octahedral field, Figure 1.4, therefore there is no Jahn-

Teller distortion. There is another polymorph of the structure below 100 K, which retains the 

same symmetry as the high temperature form, but the unit cell is expanded to contain six unique 

molecules of Cr(acac)3 [61]. Compared the titanium and vanadium analogs the chromium 

complex is the most stable and does not need to be stored in an oxygen-free environment. 

Cr(acac)3 is commonly used in solution NMR as a relaxation agent due to its non-reactive nature 

and large magnetic moment. 

FIGURE 1.4: Crystal-field splitting of Cr(acac)3 approximated by an octahedral field. 
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1.3.4 Mn(acac)3 

Tris(acetylacetonato)manganese(III), or Mn(acac)3, has several room-temperature 

polymorphs, which has caused some confusion in the literature [62, 63]. The ligand arrangement 

in the complex creates a near-octahedral environment around the Mn3+ion, which bears four 

unpaired electrons. The electronic configuration of an idealized octahedral geometry is shown in 

Figure 1.5. Orbital occupancies in Figure 1.5 indicate the condition for the Jahn-Teller distortion, 

which is apparent in its various polymorphs. 

The α- Mn(acac)3 adopts an orthorhombic unit-cell with the Pbca space group. This form 

can be obtained by crystallization at 100 K [29]. The unit cell contains a single molecule with a 

clear Jahn-Teller elongation of axial metal-oxygen bonds with the average length of 2.14(1) Å, 

while the average equatorial metal-oxygen bond distance is 1.93(1) Å, Figure 1.6. 

The β-Mn(acac)3 form crystallizes in a monoclinic unit-cell with the P21/c space group. 

At least two crystal structures have been reported and labeled as β-Mn(acac)3. The original 

publication [62] reported molecular dimensions correspond to a Jahn-Teller compressed form 

with the average axial metal-oxygen distance of 1.94(1) Å and an equatorial distance of 2.00(2) 

Å. A more recent structure of this form reveals a structural distortion with partial occupancy of 

FIGURE 1.5: Crystal-field splitting of Mn(acac)3 approximated by an octahedral field. 
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one of the ligands [29]. While average equatorial bond lengths are the same as in the 1974 

publication, one of the oxygen atoms in the axial plane is displaced between 1.83(1) Å and 

2.10(1) Å. This illustrates the potential variability of the crystal structure in the same packing 

arrangement with different methods of sample preparation. A presence of the site distortion 

should be well-resolved using NMR as there will be a significant difference in the Fermi 

coupling between the disordered positions. 

The 𝛾-Mn(acac)3 form has a monoclinic unit-cell with the space group P21/n [64]. This 

form is prepared at room temperature and is the most common structure of Mn(acac)3 that is 

available commercially [65]. The structure has distinct Jahn-Teller elongation with the long 

bonds averaging 2.111(4) Å and equatorial bonds of 1.935(3) Å [64]. 

The δ-and ε-Mn(acac)3 crystal structures contain multiple non-equivalent molecules of 

Mn(acac)3 with different degrees of distortion [29, 66]. There has been a report of an irreversible 

structural change from δ to ε form upon slow cooling of the solid past 190 K [66]. 

 

rax

rax

req

req req

req

Figure 1.6: Model structure of Mn(acac)3 illustrating different types of Jahn-Teller (JT) 

distortion. Structure is JT-elongated for rax > req and JT-contracted for rax < req. 
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The sample purchased from Alpha Aesar was found to contain predominantly γ - 

Mn(acac)3, as confirmed by our powder x-ray diffraction. The unit cell possesses a single unique 

molecule with a clear Jahn-Teller elongation along the octahedral z-axis (axial bonds in Figure 

1.6). 

1.3.5 Fe(acac)3 

Tris(2,4-pentanedionato)iron(III), or Fe(acac)3, is a product of a well-known test [67] for 

the presence of β-diketone. In the reaction of ferric chloride with the ligand, a bright-red product 

is formed in an oxygen environment. The electronic configuration of Fe3+ in the pseudo-

octahedral complex is approximated in Figure 1.7, where no Jahn-Teller distortion is expected to 

cause any significant variation to the local oxygen environment around the metal. The crystal 

forms in a P21/n symmetry. The unit cell contains a single molecule of Fe(acac)3 [68]. 

1.3.6 Cu(acac)2 

Unlike previous complexes with three bound ligands, bis(2,4-pentanedionato)copper(II), 

or Cu(acac)2, adopts a near-square-planar oxygen coordination around the transition metal, 

which is a center of inversion symmetry [69]. The inversion symmetry leaves a single 

crystallographically unique acetylacetonate ligand per molecular unit. The packing arrangement 

FIGURE 1.7: Crystal-field splitting of Fe(acac)3 approximated by an octahedral field. 
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of individual molecules in the solid suggests no interaction between adjacent metal centers, as 

each metal is separated by the neighboring acac group, Figure 1.8.  

FIGURE 1.8: Three Cu(acac)2 molecules illustrating the packing arrangement in a solid  [69]. 

The copper ion has a d9
 configuration, which in a square-planar field leaves the unpaired 

electron in the highest energy d-orbital [55]. Figure 1.9 illustrates the idealized electronic 

configuration for the d9 complex in a square planar field (D4h point group). 

 

 

FIGURE 1.9: Crystal-field splitting of Cu(acac)2 approximated by a square-planar field. 
 

eg (dxz, dyz)

b2g (dxy)

a1g (dz2)

b1g (dx2-y2)



Introduction 

22 
 

1.3.7 Co(acac)2·2H2O and Ni(acac)2·2H2O 

The presence of two water molecules that coordinate to the metal center along the 

perpendicular axis creates a distorted octahedral field around the transition metal, as seen in 

Co(acac)2·2H2O and Ni(acac)2·2H2O, Figure 1.10. The structure of hydrated 

bis(acetylacetonato)cobalt(II) has been determined in 1959 by Bullen [70]. The molecule has a 

center of inversion at the cobalt atom, therefore there is a single water molecule and 

acetylacetonate ligand. The oxidation state of cobalt in this complex is +2, therefore it has seven 

d-electrons in its outer shell, surrounded by oxygen atoms in a distorted octahedral coordination 

with a characteristic elongation along the z-axis. The ground state electronic configuration in this 

coordination is t2g
5eg

2, which is the high-spin state with net three unpaired electrons [71]. 

 

FIGURE 1.10: Molecular structure of Co(acac)2·2H2O and Ni(acac)2·2H2O [70, 72]. 
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The structure of bis(2,4-pentanedionato)nickel(II) dihydrate has been known since 1965 [72]. 

The oxygen environment around the nickel creates a distorted octahedral shape in a similar 

manner to cobalt analog. The nickel complex, like cobalt and copper, possesses inversion 

symmetry at the metal, making the two ligands equivalent. The ground-state electronic 

configuration in Ni(acac)2·2H2O with a near-octahedral field symmetry is t2g
6eg

2. Another 

hydrated form of the nickel complex has an additional water molecule in outer coordination, not 

interacting with the metal center [73].  Instead, this additional water molecule affects the 

orientation of hydrogen bonds of the metal-coordinated water. 

1.3.8 VO(acac)2 

The structure of oxobis(2,4-pentanedionato)vanadium(IV) differs from previous 

complexes as it adopts a square pyramidal coordination of oxygen atoms around the vanadium 

center [74]. Molecular geometry and the crystal-packing arrangement are illustrated in Figure 

1.11. The pentagonal oxygen coordination leads to a clear axis of distortion along the vanadyl 

bond. Both ligands no longer share the same plane and are now tilted at an angle with respect to 

each other.  

FIGURE 1.11: Crystal packing arrangement of VO(acac)2 [74].  
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1.3.9 [Cu(CH3COO)2]2(H2O)2 

The structure of tetra-μ2-acetatodiaquadicopper(II)was determined in 1952 [75]. It is 

composed of two copper metals coordinated to four shared acetate ligands with two coordinated 

water molecules creating a square pyramidal coordination of oxygen atoms around each copper 

center, Figure 1.12. This molecule is included in the series as it is a simple example of a related 

structure which can provide additional insight into the general applicability of the MO-based 

approach to NMR signal assignments. The complex is the simplest case of a system with two 

coupled magnetically active centers as both copper atoms have an antiferromagnetic interaction 

[75]. In such interaction, the unpaired spins in d-orbitals of the two copper centers are anti-

parallel, and thus they quench the total magnetic moment of the molecule. However, in the case 

of copper acetate, the anti-ferromagnetic coupling allows a weak magnetic moment above 90K 

[76]. 

FIGURE 1.12: Molecule of [Cu(CH3COO)2]2(H2O)2  [77]. 
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1.4 Purpose  

The objective of this thesis is to provide chemists with necessary tools to acquire and 

interpret paramagnetic NMR spectra in the solid state. We hope to achieve this through a series 

of well-studied coordination compounds presented above and establish a firm connection 

between the local environment of the paramagnetic center, the electronic configuration and the 

observed NMR signals in the solid state. A comprehensive account of NMR resonance shift and 

a method to explain undetectable signal is provided in relation to the physical properties of a 

complex and experimental conditions. An extension to Solomon’s model of paramagnetic 

nuclear relaxation is proposed in an attempt to improve the modeling of paramagnetic relaxation 

in solids. To supplement our detailed structural assignments of crystallographic sites, 

computational modeling of electron-spin distribution through efficient hybrid-DFT calculation is 

used. Using these spin-density calculations a general model of the spin-density distribution is 

proposed in regard to specific electronic configurations, making this approach applicable to other 

paramagnetic systems. Anisotropic interactions are not considered in this work as they are under 

active investigation by Grandinetti [78] and Kervern [79] for solid-state systems. Upon 

investigation of the above paramagnetic contributions, a set of desirable physical qualities of the 

sample is proposed that would ensure the best quality NMR data. Together, these contributions 

provide spectroscopists with an essential set of tools to acquire and interpret solid-state MAS 

NMR spectra of paramagnetic compounds.
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Chapter 2: Theory of NMR for crystalline 

diamagnetic and paramagnetic solids 

2.1 Introduction to NMR 

2.1.1 Origin of the NMR signal 

An NMR signal originates from the magnetic moment of the nucleus in the applied magnetic 

field, B0, of the instrument (Chapter 1 [80]). The nuclear moment, μ⃑ , is related to the quantum 

property of the nucleus called spin, denoted I, by the following relation:  

  (2.1)  

where ħ is the reduced Planck’s constant and γ is the nuclear magnetogyric ratio. The nuclear 

spin is quantized and possesses a spin quantum number of the form n/2, where n is an integer 

number between 0 and 9. The total spin quantum number originates from spin contributions of 

unpaired protons and neutrons that occupy specific quantum energy states in an isotope [81, 82]. 

In the absence of an applied magnetic field, individual nuclear moments have random 

orientations, thus there is no net magnetic moment and all nuclear spins are in a degenerate 

energy state. In the presence of an applied field, a small excess of nuclear moments align 

themselves with the field axis, which is conventionally chosen as the z-direction in the laboratory 

frame, and precess about this axis at the Larmor frequency. This frequency, υ𝑙, is described 

with the following relation (Chapter 2 [1]): 

μ⃑ =  γħI   
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(2.2) 

where the magnetogyric ratio is measured in rad/(T·s). Its value is specific to a particular isotope 

and can be regarded as the sensitivity of the nuclear magnetic moment to an applied magnetic 

field. Conventional field strengths of modern NMR spectrometers range between 3 and 21 Tesla, 

with a few notable spectrometers operating at fields of up to 45 Tesla and recently up to 300 

Tesla with pulsed magnets at LANL (Los Alamos National Laboratory) [83]. These fields 

generate specific Larmor precession frequencies in MHz up to the GHz range at higher fields for 

some nuclides.  

Once the sample is placed into a strong magnetic field, its nuclear spins lose their energy 

degeneracy and split into 2I+1 states. This interaction of nuclear spins with the applied magnetic 

field is also known as the Zeeman interaction. The splitting of energy levels and the presence of 

the field direction creates a net magnetization in the z-direction, Mz, which is expressed in the 

high-temperature approximation as (Chapter 2 [1]): 

(2.3)  

where N is the number of nuclear spins, k is the Boltzmann constant, T is the sample temperature 

in Kelvin. The net magnetization in equation 2.3 is described by the Boltzmann distribution of 

nuclear magnetic moments that occupy the 2I+1 avaliable energy states. The magnitude of Mz is 

proportional to the signal intensity that can be achieved for a given sample at specific 

experimental conditions.  

Equation 2.3 outlines the dependecies of the signal sensitivity on experimental aspects 

that are routinely used by NMR spectroscopists. Lower experimental temperature (T), greater 

sample size (N) and applied field strength (B0) improve the signal intensity. These factors 

 Mz= 
Nγ2B0ħ

2I(I+1)

3kT
 

ω𝒍  = γB0 
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encourage the use of greater sample mass and field strength in NMR. The largest amount of 

sample can be achieved in the most condensed phase of matter, the solid state. Therefore, it is 

commonly accepted that solid-state NMR gives more signal than solution NMR, as the latter 

contains less sample due to dilution by solvent.  

2.1.2 Observation of an NMR signal 

In order to observe an NMR signal, the sample in the magnetic field must be perturbed 

with a radiofrequency pulse near the Larmor frequency of the nucleus. An appropriate pulse 

disrupts the Boltzmann distribution of energy states, resulting in a non-equilibrium state. An 

electromagnetic pulse at the Larmor frequency is applied via a copper coil surrounding the 

sample. The effect on the net magnetization vector M⃑⃑⃑ z can be seen in Figure 2.1. The pulse 

power and duration cause a change in direction of M⃑⃑⃑ z. The angle at which M𝑧⃑⃑ ⃑⃑  ⃑ inclines to the z-

axis is termed the tip angle. The NMR signal can be detected in the xy-plane, and thus the 

projection of the magnetization onto the xy-plane, M⃑⃑⃑ xy, can be observed by the same copper coil. 

The precession of M⃑⃑⃑ xy induces an electric current in the coil, which is then amplified and 

detected as a free induction decay signal (FID). As is apparent from Figure 2.1, the maximum 

signal can be obtained when the tip angle is 90˚, that is when magnetization Mz is converted into 

Mxy (Chapter 2 [1]). 
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2.1.3 Relaxation of the NMR signal in single-pulse experiments 

Shortly after the excitation, M⃑⃑⃑ xy starts to lose coherence and precesses to its original 

state, M⃑⃑⃑ 𝑧, due to local inhomogeneities of the magnetic field around the nucleus. The rate at 

which  M⃑⃑⃑ xy loses coherence is defined as the transverse nuclear relaxation, T2
-1, in units of Hz. A 

general formula for this type of relaxaion is given as: 

(2.4)  

where t is the time dependence of Mxy magnetization. This relaxation mechanism is illustrated in 

Figure 2.2(a). The decay of transverse magnetization during the acquisition period, Figure 2.3, is 

detected by the copper coil as a function of time through induced electric currents. Fourier 

transformation of this FID signal converts the data to the frequency domain that is commonly 

used by spectroscopists for spectral interpretation. Equation 2.4 describes the decay of the NMR 

FIGURE 2.1: Illustration of magnetization transformation under pulses with various tip angles. 
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signal in the time domain during the experiment. In order to acquire the majority of the signal, 

this relation is used to estimate the required length of acquisition time. For example,  to record 

95% of the signal, the acquisition time needs to be 3·T2.  

The rate at which Mxy converts back to Mz is termed the longitudinal nuclear relaxation, 

T1
-1, in units of Hz. This relaxation is described by the following general formula: 

(2.5)  

Equations 2.4 and 2.5 are derived from the Bloch equations [84] for an ensemble of spins 

in a magnetic field (Chapter 2.8 [1]). The longitudinal relaxation of the system is important for 

acquisition of subsequent transients for signal averaging.  In order to collect all of the signal in 

the next transient, the spin system needs to undergo full relaxation. The most common practice is 

to use a delay between the experiments equal to 5·T1, which would be equivalent to 99% of the 

Mz magnetization being restored according to equation 2.5. An illustration of the longitudinal 

relaxation process is given in Figure 2.2b.  
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FIGURE 2.2: Relaxation processes: a) transverse (T2) relaxation; b) longitudinal (T1) relaxation. 
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A diagram of the simplest NMR experiment (Figure 2.3) outlines the three main stages of 

an NMR experiment: sample relaxation (recycle delay), pulse and signal acquisition. Respective 

delays are modified to account for spin relaxation rates, both transverse and longitudinal. These 

delays play a crucial role in NMR sensitivity as they define the repetition rate of signal 

acquisition. 

The presence of an unpaired electron spin with unquenched net magnetization has a 

strong effect on nuclear-relaxation rates. Both transverse and longitudinal relaxation rates 

increase for all nearby nuclei [3]. Contributions to these rates will be outlined in section 2.2; 

here, I present the consequences of these effects on the observed NMR signal.  

According to equation 2.5, an increase in the longitudinal relaxation rate leads to faster 

restoration of nuclear magnetization to the Mz state, and hence transients can be collected at a 

faster rate. Typical relaxation-rate enhancement from paramagnetic interactions are on the order 

of 100-1000 times that of diamagnetic analogs; thus NMR experiments can be done much faster, 

boosting the signal sensitivity per unit time [32]. This effect of paramagnetic interaction on 

relaxation rate is routinely used by spectroscopists to improve signal sensitivity through 

averaging of a greater number of transients per unit of time. The enhancement is achieved by 

FIGURE 2.3: Single pulse NMR experiment. 
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adding a small amount of a paramagnetic substance (e.g. Cr(acac)3) directly to the sample 

solution in the case of solution NMR [1, 80]. 

Equation 2.4 indicates that an increase in transverse relaxation rate causes a rapid decay 

of the observable Mxy magnetization. This short FID signal in the time domain translates into 

broad spectral lines in the frequency domain after Fourier transformation. The relation between 

the full width at half maximum (FWHM) of the signal in the frequency domain has the following 

form: 

(2.6)  

 

where 𝑇2
∗ represents composite transverse relaxation of a signal that determines the width of 

NMR signal. 𝑇2′ denotes relaxation caused by field inhomogeneity during the experiment. The 

effect of this relaxation mechanism can be minimized with an appropriate calibration of the field 

homogeneity throughout the sample. The effect of 𝑇2′ on experimental spectra will be ignored in 

this thesis as both these criteria have been met to minimize the effect of inhomogeneous 

broadening, hence 𝑇2
∗ ≈ 𝑇2. 

Contributions to the T2 relaxation are numerous and well-studied and will be outlined in 

detail in section 2.2. In the presence of paramagnetic species, the T2 relaxation time is dominated 

by electron-nuclear interactions, which significantly shorten the T2 of the nucleus. Thus, 

according to equation 2.6, these interactions broaden the observed NMR peaks and lower 

spectral resolution.  

The extremely short T2 values imposed by paramagnetic interactions with nuclear spins 

lower the total signal intensity due to delays present in the pulse sequence. Electronics that 

FWHM =
1

𝜋𝑇2
∗   

1

𝑇2
∗  = 

1

𝑇2
+
1

𝑇2
′ 



 Theory of NMR for crystalline diamagnetic and paramagnetic solids 

33 
 

produce an electromagnetic pulse and detect the NMR signal require a finite time delay to switch 

their modes of action from transmitting to receiving. This time delay is also known as the dead 

time and is shown in Figure 2.4 for a single-pulse experiment. This delay is small relative to 

timescale of relaxation in conventional diamagnetic systems. However, if the signal decays 

rapidly, it could lead to a significant loss of signal. The example of a rapid signal decay is 

illustrated in Figure 2.4a for short T2, which is commonly found in a paramagnetic sample. 

Figure 2.5 shows the percentage of observable signal due to transverse relaxation before 

signal acquisition. In this example, single-pulse experiment is considered with no field 

inhomogeneity. The delay for the dead time has been set to the minimum allowed value by 

 

dead time

unobserved signal

short T2

long T2

a)

b)

FIGURE 2.4: Effect of dead time on NMR signal with short and long T2, corresponding to          

a) paramagnetic and b) diamagnetic samples, respectively. 
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Bruker spectrometers of 5 μs. The figure shows the monoexponential decay of magnetization 

that is characteristic of systems with substantial paramagnetic coupling (Chapter 2.3 [5]). This 

relation is described by equations 2.4 and 2.6 and shows the detrimental effect of paramagnetic 

coupling on both signal intensity and width. Figure 2.5 shows that for a typical signal width of a 

diamagnetic system, (b), the loss of signal intensity is not significant and could easily be 

neglected. If two signals are observed with widths of 1 and 5 kHz, their relative intensities 

resemble the stoichiometric ratios to within 5% error. Whereas if the contribution to T2 

relaxation is significant enough to cause broadening up to 40 kHz, Figure 2.5a, then the signal 

would have nearly half of the expected intensity with respect to a narrow 1 kHz resonance. 

Signal intensities in a single-pulse experiment are the best-case scenario where there is only a 

single short delay due to instrumental limitation.  

FIGURE 2.5: Effect of dead time delay of 5 μs on NMR signal intensity for resonances with 

different intrinsic width. Range of signal widths are typical of a) paramagnetic and b) 

diamagnetic systems. 
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2.2 Nuclear magnetic interactions 

NMR-signal shapes are manifestations of interactions of the nuclear magnetic moment 

with its surroundings. A theoretical understanding of these processes is key to interpretation of 

observed NMR resonances in the frequency domain. An NMR spectrum reflects the net 

perturbation from all internal interactions that affect the total energy of the nucleus. These 

interactions can be summarized by the following Hamiltonian (Chapter 2 [1]): 

Ĥ = ĤZ + Ĥcs + Ĥdip + Ĥp +ĤJ + ĤQ + … 

where ĤZ represents the Zeeman interaction of nuclear spins in a magnetic field, which was 

described in Section 2.1.1. Below are presented some of the well-known interactions that are 

studied with NMR. 

2.2.1 Nuclear shielding interaction 

Ĥcs is the Hamiltonian for nuclear shielding that originates from the magnetic effects of 

surrounding electron clouds. The sensitivity to electron density in the vicinity of the nucleus 

makes it possible to probe the chemical-bonding environment. Nuclear shielding due to chemical 

environments is also known as chemical shielding and is used to discriminate between different 

functional groups. The Hamiltonian has the following form (Chapter 2 [1]): 

 (2.7)  

Shielding can be expressed as a minor deviation from the nuclear Larmor frequency as: 

(2.8) 

Ĥ𝐶𝑆 = 𝛾𝑙ℎ𝐼 𝑧�̅�B⃑⃑ 0 

σ = 
𝜈𝑙−𝜈𝑠𝑎𝑚𝑝𝑙𝑒

𝜈𝑙
· 106 
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Equation 2.8 provides a normalization of the shielding, making it independent of the 

magnetic field. The experimental frequency of a nuclear resonance, νsample, is often close to the 

Larmor frequency. Thus the fraction in equation 2.8 is multiplied by 106, which converts 

shielding “units” into parts per million (ppm). Shielding values are specific to the nuclear 

environment in a particular molecule and can be compared directly using an appropriate 

reference. The chemical shift is defined with respect to the shielding of a standard (Chapter 2 

[1]): 

(2.9)  

As shielding is a second-rank tensor, it is represented by a 3 x 3 matrix and has three 

orthogonal components in its principal-axis system. According to the standard definition,[85] the 

resonance shifts of these components are labeled δ11, δ22 and δ33, where δ11≥ δ22 ≥ δ 33 and δ iso = 

(δ11 + δ22 + δ33) / 3 is their isotropic value. The total variation between the shielding components, 

or span (Ω under Herzfeld-Berger notation) is defined as δ11 – δ33. This value is also known as 

span, which signifies the amount of variation of the local magnetic environment of the nucleus 

with its orientation in the magnetic field. Thus, structures with low symmetry typically have 

greater shielding anisotropies. Anisotropy can be measured directly for a powdered sample, 

where all possible crystalline orientations outline the overall signal shape as in Figure 2.6. In 

these examples, δiso and Ω are kept constant while the relative magnitudes of the three 

components are changed. As can be seen from Figure 2.6, the anisotropic signal can adopt 

various shapes that reflect the magnitudes of the three shielding components. These components 

in turn outline the symmetry of the local atomic environment. The symmetry of the overall shape 

can be expressed through a parameter κ = 3(δ22 - δ iso) / Ω. The three examples of such 

δ =
𝜎𝑟𝑒𝑓  𝜎

1  𝜎
· 106 
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environments are shown in Figure 2.6 and include oblate (κ = -1), spherical (κ = 0) and prolate (κ 

= 1) symmetries (Chapter 2 [1]). 

2.2.2 Nuclear dipolar interaction  

ĤJ represents the J-coupling interaction. This dipolar interaction is indirect as it is 

mediated via a pair of electrons in a chemical bond, and results in a characteristic splitting of 

resonances, with signal intensities following a binomial distribution. This characteristic splitting 

encodes the number of coupled nuclei, their spin and the magnitude of coupling. This interaction 

FIGURE 2.6: Examples of NMR chemical shift anisotropy of solid powdered samples. 

Anisotropies follow a) oblate; b) spherical and c) prolate symmetries.  
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occurs through a bond, and J-coupling is used to explore patterns of chemical bonding (Chapter 2  

[1]). 

Ĥdip symbolizes a direct dipolar interaction between two nuclear spins. This interaction 

occurs through space, thus it is considered to be a direct coupling between two nuclear magnetic 

moments. There are two categories of dipolar coupling, a heteronuclear coupling between 

different isotopes, and homonuclear coupling between identical isotopes. The time-independent 

Hamiltonian for a two-spin system has the following form (Chapter 2 [1]): 

(2.10)  

(2.11)  

Both cases depend on the distance between spins, r-3, and the magnitude of their nuclear 

magnetogyric ratios, 𝛾I and 𝛾S. Thus a smaller distance between spins produces greater dipolar 

coupling, which can also occur if nuclei have high γ. Dipolar interactions become increasingly 

complicated as more spins participate in coupling, which is expected to occur in the solid state. 

The above relations outline an angular dependence (θ) of the interaction with respect to the 

magnetic-field axis.  

2.2.3 Quadrupolar coupling (ĤQ) 

The quadrupolar interaction, ĤQ, represents the effect of the nuclear electric-field 

gradient on the nuclear moment due to a non-spherical charge distribution for isotopes with I > 

½. This interaction is readily observed in the solid state with characteristic signal lineshapes 

specific to the symmetry of the tensor and local atomic environment (Chapter 2 [1]). This 

interaction will not be further considered in this work as I focus on NMR of spin ½ nuclei.  

Ĥℎ𝑒𝑡𝑒𝑟𝑜 = 
𝜇𝑜
8𝜋

𝛾𝐼𝛾𝑆ħ
2

𝑟3
2𝐼𝑧�̂�𝑧(3𝑐𝑜𝑠

2𝜃  1) 

Ĥℎ𝑜𝑚𝑜 = 
𝜇𝑜
8𝜋

𝛾1𝛾2ħ
2

𝑟3
(2𝐼1𝑧𝐼2𝑧  

1

2
(𝐼1+𝐼2− + 𝐼1−𝐼2+))(3𝑐𝑜𝑠

2𝜃  1) 
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2.2.4 Magic angle spinning 

The spectra in Figure 2.6 are readily obtainable from an NMR experiment of a powdered 

sample. As one can anticipate, the anisotropic interaction has a detrimental effect on signal 

resolution where multiple distinct nuclear environments are present. As the anisotropic 

interaction depends on the sample orientation in the magnetic field, rapid molecular motion in a 

liquid sample provides an isotropically averaged signal, δiso. In order to eliminate this anisotropic 

broadening in powdered samples and mimic the isotropic averaging of a liquid sample, magic-

angle spinning (MAS) was developed [20]. Thus the δiso values can be obtained in NMR of both 

solid and solution samples, which allow chemists to use NMR for structural determination of 

complex molecules on the basis of their local chemical environments.  

NMR of powdered solids suffers from poor signal resolution due to anisotropic effects 

from dipolar coupling, quadrupolar coupling and magnetic-shielding interactions. To minimize 

anisotropic broadening from these interactions that arise from random orientation of crystallites 

in powdered samples, an instrumental technique was developed in 1980’s [19, 20]. The method 

involved a mechanism for physical rotation of a sample container in the NMR magnet during the 

experiment, about the specific angle of 54.74°  (Chapter 2 [1]). This angular dependence is 

present in the Hamiltonians of chemical shielding and dipolar coupling, equations 2.7, 2.10 and 

2.11. According to these equations, the anisotropic component of these interactions can be 

nullified through a rapid averaging of crystallite positions in the magnetic field about an angle 

which satisfies the relation 3cos2θ – 1 = 0, where θ is the angle of the crystallite orientation with 

respect to B⃑⃑ 0. The effect of this technique on a signal with an anisotropic contribution can be 

seen in Figure 2.7. In the absence of spinning, a powder pattern emerges, Figure 2.7a, which in  
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e)

FIGURE 2.7: Effects of different MAS rates on a solid-state NMR spectrum with anisotropic 

broadening. Ω is the span of the signal. MAS rates are equivalent to a) static; b) 1 20⁄  Ω; c) 3 20⁄  

Ω; d) 1 2⁄  Ω and e) Ω. All simulations are vertically scaled to match intensities of the most 

prominent signal. 
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this example indicates anisotropic interaction with oblate symmetry, as in Figure 2.6. If the 

spinning is not sufficiently rapid, artifacts are observed at a spinning-frequency increment from 

the isotropic peak. These are termed spinning sidebands and can be used to establish the overall 

shape and extent of the anisotropy (Figure 2.7b, c) as the pattern of artifacts outlines the static 

lineshape depicted in Figure 2.7a. As seen from this simulation, magic-angle spinning 

concentrates the signal in fewer, sharper resonances and thus significantly improves the signal 

resolution. Very fast spinning produces a spectrum which resembles the effect of random 

tumbling in solution where only the isotropic value of the shift is observed. However, as can be 

seen from Figure 2.7, in solid-state NMR one has control over this averaging process and can 

potentially obtain more information about the system through measurements of anisotropic 

shielding at lower spinning rates. Signal averaging and accumulation in fewer sharp resonances 

has the effect of increased effective sensitivity. Figure 2.8 shows the effect of MAS rates on the 

most intense feature of the spectrum that has appreciable anisotropy. As can be seen from the 

plot, the signal intensity has a convex dependence on the spinning rate with most of the intensity 

acquired at the point where the MAS matches the anisotropy, which is equivalent to the 

simulation in Figure 2.7e.  



 Theory of NMR for crystalline diamagnetic and paramagnetic solids 

42 
 

2.3 Hyperfine coupling in NMR (ĤP)  

An unpaired electron has a strong magnetic moment, which can be expressed by the 

following equation (Chapter 1.3 [86]): 

(2.13) 

where ge is the electron g-factor, which is approximately equal to 2.0032 for a free electron, 𝜇B is 

the Bohr magneton, and S is the electron spin number. This formula is identical to that of the 

spin-active nucleus, equation 2.1, as γeħ = ge𝜇B, where γe is the magnetogyric ratio of a free 

electron. The moment is 2-3 orders of magnitude greater than to any spin-active nucleus. Like 

the nuclear spins, electron-spin energy-levels are split under the influence of the magnetic field 

by the Zeeman interaction (Figure 2.9a) where the energy of the interaction is directly 

proportional to the strength of the applied magnetic field. Just as for nuclear spins, the Zeeman 

interaction leads to a precession of electron spins with the Larmor frequency, described by 

FIGURE 2.8: Effect of various MAS speeds on intensity of the most prominent signal with a span 

of Ω. 
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equation 2.2. The population of energy states for electronic Zeeman splitting is governed by the 

Boltzmann distribution, and the splitting energy is outlined in Figure 2.9a.  

Figure 2.9b illustrates energy levels of uncoupled nuclear spins in a system with a 

characteristic Zeeman splitting. An NMR experiment involves an observed transition between 

two Iz states |+ ½ > and | - ½ >. As both depicted NMR transitions at Sz states |+ ½ > and | - ½ > 

have identical energy differences, the spectrum would carry no information regarding the 

unpaired electron. Figure 2.9c illustrates the effect of a coupling interaction between electron and 

nuclear spins. These perturbed energy levels carry the information on spin-spin interactions 

between the unpaired electron and the nucleus. This information is of most interest to 

spectroscopists as it provides a probe of interatomic interactions, local chemical environment and 

electronic states of the molecule. As this coupling energy perturbs both electron and nuclear 

energy levels, both EPR and NMR measurements can measure these effects (see section 2.5).  

The Hamiltonian of the paramagnetic interaction may be expressed as (Chapter 1.5 [5]): 

(2.14) 

where individual contributions to energy splitting originate from the electron spin (Ŝ), the nuclear 

spin (Î), and their coupling (A). Figure 2.9 shows the effects of these contributions on Zeeman-

level splitting. NMR transitions may occur between Iz = ½ and Iz = - ½ states, thus the spectrum 

with paramagnetic coupling is expected to have two transitions, which are separated by a 

hyperfine coupling, Figure 2.9c.  

 

Ĥ = γeħB0Sz - γnħB0Iz + 𝑆 · 𝐴 · 𝐼  
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This interaction has a close parallel with J-coupling, where electrons act as mediators of 

nuclear moments to produce an observable resonance splitting (Figure 2.10a). Coupling of the 

unpaired electron spin directly to the nuclear spin leads to a greater perturbation of the nuclear 

signal as the electron has a magnetic moment that exceeds any nuclear moment by several orders 

of magnitude. As the energy levels of electron spin under the Zeeman effect have a large 

 

|+ ½ >

| - ½ >

| Sz > | Iz>

|+  ½ >

| - ½ >

| + ½ >

| - ½ >E

Bo

a) b)

| Sz , Iz>

| - ½ , + ½ >

| - ½ , -½ >

| + ½ , + ½ >

|+ ½ , - ½ >

c)

Ĥ = +γeħB0 z -γnħB0 z +

γeħB0

γnħB0

¼ A

e n e    n

FIGURE 2.9: Zeeman energy splitting of a) electron spin, and b) nuclear spin c) with hyperfine 

interaction for a system of a spin-½ electron and a spin-½ nucleus. 
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splitting, they are subject to a strong Boltzmann distribution of populations. Such distributions, 

for example as shown in Figure 2.9a, can be expressed as (Chapter 1.4 [5]): 

(2.15) 

 

where f | Sz > represents the Boltzmann population of the Sz state in Figure 2.9. These 

populations define the relative intensities of two resonances in an NMR spectrum that arise due 

to spin-spin coupling and could be attributed to both J and hyperfine coupling mechanisms. As 

the magnetogyric ratio of a nucleus is relatively small compared to that of an unpaired electron, 

the difference in occupancies of two resonances in a J-coupled doublet is usually neglected. The 

large magnetogyric ratio of the unpaired electron results in a greater Boltzmann separation in 

populations of states (equation 2.15). As a consequence, the doublet arising from the hyperfine 

interaction is asymmetric, reflecting their respective Boltzmann populations (Figure 2.10b).  

In practice, splitting due to hyperfine coupling is never observed via NMR because of 

fast relaxation of electron spins. Such a process can be thought of as a rapid interconversion of           

| + ½ > and | - ½ > states of Sz in Figure 2.9. This relaxation process occurs in the nanosecond to 

picosecond time-scale in most paramagnetic systems, including those with transition metals [3, 

17]. Thus the relaxation rate of electron spins far exceeds that of nuclear spins and it is generally 

greater than the hyperfine coupling. The effect of such relaxation on an NMR spectrum can be 

interpreted within Figure 2.9c, whereupon mixing of | + ½, - ½  >  with | - ½, - ½  > states, and    

| + ½, + ½  >  with | - ½, + ½  >  states, the transitions located at + ½A and    - ½A from the 

diamagnetic position become averaged. An observable hyperfine shift stems from a difference in 

population of these transitions as described by the Boltzmann distribution (equation 2.15) and 

𝑓 | +  1/2 > =  (1 + eγ𝑒ħB0/kT)−1 

𝑓 |   1/2 > =  (1 + e−γ𝑒ħB0/kT)−1 
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depicted in Figure 2.10c. Thus, the observed center-of-gravity shift between unequally populated 

Sz states is not centered at the diamagnetic position and has a characteristic temperature 

dependence. 

This center-of-gravity shift can be expressed as the weighted sum of the two extremes 

following the transition energy expression from Figure 2.9 and the Boltzmann factor from 

equation 2.15 for S = ½ [57]: 

(2.16) 

 

This expression can be generalized for the S > 1/2 system, which has the following form [57]: 

 

 𝛿𝐻𝐹  = �̅��̅�
μ𝐵

4γ𝑛𝑘𝑇
 

 

J - coupling

Hyperfine coupling

(fast relaxation)

δHF

Sz = - ½   Sz = + ½   

Hyperfine coupling

(slow relaxation)

a)

b)

c)

J ( ~ Hz)

A ( ~ MHz)

δdia

FIGURE 2.10: Theoretical NMR spectra of a) J-coupled system of two spins, b) hyperfine 

coupling according to Figure 2.9c) assuming slow electronic relaxation, and c) fast electronic 

relaxation. 
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(2.17) 

Special attention will be devoted to the isotropic part of the hyperfine interaction, also 

known as the Fermi coupling. The expression for the Fermi shift can be readily deduced from 

equation 2.17 and has the following form: 

(2.18) 

where Aiso is the isotropic value of the hyperfine tensor, �̅�. Another way to express this relation 

is through the molar magnetic susceptibility, χ𝑚. Susceptibility incorporates the effective 

magnetic moment, 𝜇eff = g𝑖𝑠𝑜√𝑆(𝑆 + 1) and has the following general form [87]: 

    (2.19) 

Substituting equation 2.19 into 2.18, the following relation for the Fermi shift is obtained [44]: 

(2.20) 

where χm incorporates the temperature dependence of the Boltzmann distribution of electronic 

states with any possible perturbations to the electronic environment, such as spin-orbit coupling, 

spin-spin coupling or zero-field splitting. Molar susceptibility can be determined experimentally 

using SQUID, Gouy balance or solution 1H NMR measurements at a given temperature [88, 89]. 

A potential fundamental limitation of the first two techniques with regard to the interpretation of 

solid-state NMR shifts is its inability to reproduce the possible influence of the high magnetic 

field on the susceptibility of the sample, whereas a solution NMR experiment is not affected by 

possible effects of solid packing.  
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2.3.1 The origin of Fermi coupling 

Fermi coupling is present where there is a finite probability density of an electron spin to 

tunnel into the nucleus. This concept of quantum tunneling originates from the particle/wave 

duality of elementary particles. In a system with a single unpaired electron residing in an s-type 

atomic orbital, the amount of spin density at the nucleus can be expressed with by following 

relation (derived by Fermi [90]): 

(2.21) 

where |Ψs(0)|2 represents the maximum possible value of the spin density at the nucleus where 

the Ψs orbital is singly occupied. As Fermi coupling occurs in the presence of unpaired spin 

density at the nucleus, the only atomic orbital that matches this criterion is the s-type orbital; all 

other orbitals with higher angular momentum (p, d, f, etc) have a probability density node at the 

nucleus. This is a good approximation for light elements where the size of the nucleus is small 

enough to be treated as negligible, which would forbid a partial overlap of the nucleus with 

higher-moment orbitals. However, for heavier elements, especially those that require a 

relativistic treatment of atomic orbitals near the nucleus (Z > 40), this mixing can occur and 

further complicate signal analysis [37, 91]. The most exact value for the maximum Fermi 

coupling is for the hydrogen atom (~1420 MHz), which was measured to five-decimal precision 

[92].  

Molecular-orbital interactions provide pathways for electron-density distribution in which 

atomic orbitals share their unpaired electron density. Therefore, a more appropriate definition of 

Fermi coupling as observed in molecules follows the equation [5, 86]: 

 𝐴𝐹𝑒𝑟𝑚𝑖
𝑚𝑎𝑥 = 4/3γ

𝑛
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(2.22) 

where the sum represents the net spin density at the nucleus. This summation can be replaced by 

the term ραβ(0), which signifies the net spin density at the nucleus. As unpaired electron spin can 

occupy two states of opposite sign, α and β, the net spin density is given by: 

 (2.23) 

This means that molecular-orbital interactions and electronic configuration define the sign and 

magnitude of the spin density, and hence of the Fermi coupling. The observed Fermi shift can be 

expressed as a function of the spin density at the nucleus by combining equations 2.20 and 2.22: 

(2.24) 

From this relation, it is readily seen that the sign of the spin density dictates the direction of 

the resonance shift. Thus NMR is capable of providing a sensitive probe of both the electronic 

environment of the molecule (χm) and the specific nuclear site (ραβ). A knowledge of molecular 

orbital interactions and electronic states can be used to estimate the sign and magnitude of the 

observed Fermi contact shift in NMR and provide the structural origin for the observed signal.  

2.3.2 Key molecular-orbital interactions 

Our understanding of the chemical properties of matter is based upon the knowledge of 

the atomic structure, where a nuclear core is surrounded by electrons in particular energy states 

with probability densities. This fundamental understanding can then be extended to molecules. 

Exact mathematical solutions for electron probability densities and interatomic interactions may 

be derived if all the information about the position and velocity of all elementary particles is 

available. Due to the wave/particle nature of electrons and the Heisenberg uncertainty principle, 

 𝛿𝐹𝑒𝑟𝑚𝑖  =
4
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the solution of the Schrödinger equation for a system with more than one electron is not possible, 

thus chemists are restricted to use the exact solution to the hydrogen atom as a model for electron 

probabilities [93]. 

The energy levels and probability densities of electrons in an atom are quantized, and in 

order to describe a particular atomic orbital, quantum numbers are used. The principal quantum 

number (1 ≤ n ≤ ∞) represents the size of the electronic orbital. The angular-momentum 

quantum number (0 ≤ l ≤ n-1) defines a number of orbitals as 2l + 1 that have the same angular 

momentum. The magnetic quantum number (-l ≤ ml ≤ +l) labels all possible variations in 

spatial density and orientation for orbitals of the same l number. The fourth number is the spin 

quantum number, ms (+ ½ or - ½ ) that corresponds to the spin of the electron that occupies a 

particular orbital. This thesis will focus on complexes with 3rd row transition-metal centers; thus 

to a good approximation, only the first three angular-momentum quantum numbers will be 

considered, Figure 2.11. 
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Interactions between valence atomic orbitals may be represented by linear combinations 

of atomic orbitals (LCAO). This principle is the basis for molecular-orbital and valence-bond 

theories. For the purpose of describing interactions that lead to unpaired electron spin density at 

nuclei of the ligand, the principle of a two-center molecular orbitals will be used. In this 

model, only interactions between two atoms in a molecule are taken into account. This model 

will be propagated further through the molecule via the bonding-connectivity pattern to account 

for interactions between bonded atoms. 

 

FIGURE 2.11: ml orbitals that correspond to l = 0, 1 and 2. [94] 

Interactions between two atomic orbitals can be constructive, destructive or symmetry 

forbidden. If the interaction is allowed by symmetry, then it is governed by the relative phases of 

the interacting orbitals and their symmetries, as illustrated in Figure 2.12 for the two-center 
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molecular-orbital approach. These interactions are important for understanding the distribution 

of unpaired electron density in the molecule, as they dictate which orbitals can serve as electron 

hosts through a delocalization process (Chapter 3.4 [5]). In Figure 2.12, a pair of interacting 

orbitals, either bonding or antibonding, can provide a pathway for delocalization of electron 

density between two atoms, provided that the host orbital is not fully occupied. In a stable 

molecule in its ground state, such free orbitals are usually high-energy antibonding orbitals, 

which have a characteristic shape due to their destructive interference (Figure 2.12).  

The extent and orbital population of delocalized unpaired electron density can be 

explained by considering pairs of interacting atomic orbitals and extending the propagation of 

these interactions from the paramagnetic center to all ligand atoms. Figure 2.13 shows a 

simplified example of such a propagation for a system of two interacting orbitals. In this 

example, ψA contains a single unpaired electron and ψB has a pair of electrons. In the ground-

state configuration, the resulting two-atom orbital contains a single electron in ΨAB* and paired 

electrons in ΨAB. The examples in Figure 2.13 shows possible scenarios for the relative energies 

of interacting atomic orbitals. The antibonding orbital ΨAB* hosts the unpaired electron, and thus 

its interactions will dictate further delocalization of the unpaired spin density. The proximity of 

energy levels determines the extent of orbital mixing and thus the shape and extent of electron 

delocalization. In Figure 2.13a, the energy of the ψA orbital is greater than that of the ψB orbital, 

and therefore most of the unpaired spin density will reside at the atom A. This case is common 

for coordination complexes with transition metals where the metal is atom A that interacts with 

the ligand atom B. As exact values of such energies are not experimentally accessible for large 

systems, computational simulation will be used to assess all molecular-orbital interactions and 

give the predicted Fermi-coupling constants. 
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FIGURE 2.12: Two-center molecular-orbital interactions for a transition-metal coordination 

complex in octahedral coordination. Metal orbitals of s-, p- and d-symmetry are interacting with 

s- and p-orbitals of the ligand.  
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Delocalization of spin density on its own does not account for the presence of net 

negative spin density (ραβ < 0 in equation 2.23) as the paramagnetic center has a net positive spin 

density in the ground-state configuration under an applied magnetic field[5]. Regions of negative 

spin density in the electronic ground-state can arise from interactions of electron spins that 

occupy different orbitals via a mechanism involving spin polarization (Chapter 3.4 [5]). Figure 

2.14 illustrates the polarization mechanism. In this example, a singly occupied orbital, Ψ↑, 

overlaps with a paired orbital, Ψ↑↓, which results in a spatial separation of spins in a chemical 

bond. This interaction between like spins of overlapping orbitals stems from a favorable 

electron-exchange energy, which is the basis of Hund’s rule for maximum multiplicity. The spin 

polarization described in Figure 2.14 results in nucleus A interacting with positive spin density, 

whereas nucleus B interacts with negative density. 

FIGURE 2.13: Two-center molecular-orbital energy diagrams with different relative energies of 

atomic orbitals: a) E(ψA) > E(ψB); b) E(ψA) = E(ψB); c) E(ψA) < E(ψB). 

 

ψB

E

ΨAB*

ΨAB

ψA

ψB

ΨAB*

ΨAB

ψA ψB

ΨAB*

ΨAB

ψA

a) b) c)



 Theory of NMR for crystalline diamagnetic and paramagnetic solids 

55 
 

The spin delocalization and polarization mechanisms together form the complex pattern 

of unpaired electron-spin density distribution in paramagnetic complexes. These mechanisms can 

have either competing or cooperative contributions to the overall spin density at the nucleus. 

Whereas MO theory alone may not be sufficiently accurate to predict the absolute magnitudes of 

these interactions, it may be used to provide initial expectations on the direction of the Fermi 

shift. Computational software will provide more reliable information regarding the relative 

contributions of these mechanisms with regard to the model structure. More information 

regarding these quantum calculations is provided in the Materials and Methods section of the 

thesis. 

 

 

 

 

 

FIGURE 2.14: Polarization of a σ bond (Ψ↑↓) with another orbital containing positive spin density 

(Ψ↑). Black dots indicate nuclear positions, arrows and colors indicate unpaired electron spins. 
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2.4 Paramagnetic relaxation 

2.4.1 Fermi coupling 

The magnitude of Fermi coupling in NMR governs the frequency difference, which is 

proportional to the strength of electron-nuclear spin-spin interaction, Figure 2.9, which coalesce 

into a center-of-gravity resonance by fast electronic relaxation. This situation is conceptually 

identical to a model of fast motion, where the nuclear spin experiences multiple distinct 

environments with a fast rate of exchange. Thus, for the spin system in Figure 2.9c, the 

contribution to the nuclear spin-spin relaxation can be determined on the basis of this model as 

(Chapter 2.4 [5]): 

(2.25) 

where T1e is the electronic spin – lattice relaxation time that determines the rate of exchange 

between spin states in Figure 2.9. Equation 2.25 is valid for a system with the total electron spin 

quantum number S = ½; however, it can be generalized to various spin states as follows (Chapter 

2.4 [5]): 

 (2.26) 

where S(S+1) represents the averaged magnetic moment, ωI and ωS are nuclear and electron 

spin-resonance frequencies, respectively, and τe1,2 are related to electronic relaxation as follows 

(Chapter 2.4 [5]): 
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where T1e and T2e are electronic spin-lattice and spin-spin relaxation times, respectively, τe-ex is 

the rate of electron exchange, τn-ex is the rate of nuclear site exchange, and τint is the rate of 

internal rearrangement. For a solid system with no (or slow) electronic coupling equations 2.27 

and 2.28 can be further simplified. At low magnetic fields, it is reasonable to assume that         

T1e ≈ T2e = Te [95]. As the electron Larmor frequency is much greater than that of the nucleus, 

equation 2.26 can be simplified to (Chapter 2.4 [5]): 

 (2.29) 

From equation 2.29, it is clear that larger Fermi coupling will lead to a greater nuclear 

transverse-relaxation rate, thus broadening the signal. The same interaction is responsible for a 

Fermi shift; thus it is reasonable to expect signals with appreciable paramagnetic shifts to be 

systematically broader (Chapter 2.3 in [5]). 

2.4.2 Electron – nuclear dipolar coupling 

Another major paramagnetic relaxation mechanism of the nuclear spin includes the 

contribution from the direct dipolar coupling between the nucleus and the unpaired electron. The 

interaction between nuclear and electron spins follows the generalized equation according to the 

Solomon point-dipole model [8]: 

 

(2.30) 

where r is the distance between electron and nuclear spins, which is conventionally taken as the 

distance between the paramagnetic center and the atom of interest. τ1c and τ2c are rate constants 

for the reorientation of electronic magnetic moments, which can be expressed as: 
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(2.31) 

(2.32) 

where τr is the rate of rotational motion between the coupling species. Equivalent arguments 

apply regarding the limitation of these correlation rates in a solid uncoupled system (see section 

2.4.1) and relative resonance frequencies of electron and nuclear spins. A simplified form of 2.30 

then becomes (Chapter 2.4 [5]): 

(2.33) 

This relation assumes a finite location for an unpaired electron at a certain distance r, which is a 

crude approximation as the electron is delocalized within molecular orbitals close to the 

paramagnetic center. The strength of such delocalization can be evaluated by measuring the 

Fermi shift in an NMR experiment. The point-dipole model fails at short distances to the 

paramagnet, below 7Å, due to failure to account for this delocalization [39]. My proposed 

modification to the point-dipole model attempts to account for this electron-spin delocalization 

onto the ligand and includes spin densities from nearby molecules in the solid structure. More 

detailed discussion is provided in Chapter 8.  

2.5 NMR and EPR of paramagnetic molecules  

Electron paramagnetic resonance (EPR) can provide the greatest level of detail on the 

electronic properties of a system. This method has identical theoretical and working principles as 

NMR spectroscopy; however, the major distinction is in the type of observed particles. EPR 

traces the information on the electronic environment via observable changes to the resonance 

frequency of the electron under an applied magnetic field. Both EPR and NMR take advantage of 
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paramagnetic particles, such as unpaired electrons and spin-active nuclei. NMR of paramagnetic 

molecules probes the same electron-nuclear interactions that influence EPR spectra, but from the 

point of view of a nucleus. Here I discuss some key features of EPR spectroscopy in relation to 

coupling with spin-active nuclei that can provide a better understanding of the interaction 

between these particles and its experimental manifestation between the two types of 

spectroscopy. 

2.5.1 Measures of electronic environment 

One of the most prominent differences between nuclear and electronic magnetic signals is 

the mechanism behind the change in resonance frequency under a magnetic field. The Zeeman-

splitting Hamiltonian for the observed EPR has a similar form to that of the nuclear shielding 

(equation 2.7).  Changes in local bonding, interactions between unpaired electrons, spin-orbit 

coupling and orbital-energy splittings all contribute to changes in the ge of the unpaired electron 

and the observed resonance frequency (Chapter 5 [96]). Electronic interactions that change ge 

can have anisotropic character and thus create an anisotropic g-tensor, which leads to 

orientational dependence of resonances on molecular axes with respect to the applied field. Such 

an interaction is analogous to the shielding anisotropy observed in NMR. However, unlike solid-

state NMR, anisotropic EPR signals have dramatically greater magnitude, with g-tensor 

components spanning the range of approximately -2 to +10, whereas ge = 2.0023. Such a spread 

of resonance signal is observed on a megahertz scale rather than kilohertz scale as in the case for 

nuclear resonance. An overall anisotropic powder pattern in EPR experiments is similar to the 

chemical shielding anisotropy in solid-state NMR (Figure 2.6) and thus results in familiar 

lineshapes but on a much greater frequency-scale. Because of such significant anisotropy, any 

attempts at signal averaging through MAS would fail, as current spinning rates cannot exceed 
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110 kHz. This MAS rate would be on the order of 1/10Ω of the typical electron signal span, and 

according to Figure 2.8 would not provide any noticeable signal-to-noise enhancement compared 

to a non-spinning experiment. 

In NMR, each nucleus couples to electron spin via hyperfine coupling to produce a 

distinct shift that is directly linked to the unpaired spin density (equation 2.24). In contrast, in 

EPR the electron signal is affected by hyperfine couplings to all nuclei simultaneously. Each 

additional nuclear coupling introduces a new energy splitting (Figure 2.9c) and results in 2n EPR 

lines where n is the number of coupled nuclei with spin ½ [5, 86]. Coupling occurs only with the 

spin-active nuclei, thus low abundant nuclei, such as 13C, remain effectively invisible.  In 

addition to the complexity of resolving all hyperfine interactions, these couplings bear no 

information on the sign of the spin density. Thus NMR is a unique technique for identification of 

hyperfine couplings that can be linked directly to structure and molecular-orbital interactions. 

2.5.2 Experimental conditions for EPR and NMR 

Magnetic field strengths in NMR and EPR instruments are significantly different. As the 

electronic magnetic signal is a few orders of magnitude greater than any nuclear magnetic signal, 

there is little justification for the application of high magnetic fields to improve the sensitivity. 

Typical magnetic field strengths in EPR experiments range from 0.3 to 1 T. If an interaction 

between unpaired electrons that is greater than the Zeeman splitting is present, it will not be 

observed, and thus a greater field may be required. In contrast, NMR benefits from high 

magnetic fields as they boost both resolution and much-needed sensitivity for low-resonance 

and/or low-abundant nuclei such as 13C and 15N. There are seldom perturbations to the nuclear 
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energy levels that exceed the Larmor energy splitting at conventionally used magnetic field 

strengths of 7 - 21 T.  

EPR experiments are usually done at extremely low temperature to increase the 

relaxation times of electronic magnetization. This enhances signal resolution and provides 

additional signal sensitivity by maximizing the difference in Boltzmann populations between 

Zeeman energy states. There are cases where the electronic relaxation is sufficiently long, such 

as for long-lived excited states, organic radicals and highly ordered systems with few interaction 

pathways, where EPR can be done at higher temperature, including room-temperature 

conditions. In contrast, solid-state NMR is routinely done at room temperature, with the 

exception of cryo-NMR where experiments are done in the temperature range of liquid nitrogen. 

However, such experiments cannot benefit from fast MAS rates or sophisticated pulse sequences 

due to mechanical limitations of working at such low temperature.  

2.5.3 Electron-spin relaxation 

Electron-spin relaxation in EPR has the same significance as nuclear-spin relaxation in 

NMR. Both processes are described by Bloch equations using transverse, T2, and longitudinal, 

T1, parameters [96]. The width of the spectral line relates to T2 according to equation 2.6, where 

a longer relaxation time is favorable as it leads to narrower signals on the frequency scale.  

There are two main mechanisms responsible for electronic-spin relaxation. A direct 

process is a result of lattice vibrations, where the associated phonon energy is equal to the 

energy difference of the two states of the paramagnet between which an electronic transition 

occurs. Such a transition can have the change in spin states of ΔMs = ± 1, ±2…, which signifies 

flips of electron spin(s). An important consequence of such a process is the dependence of the 
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relaxation rate on the square of the applied field, meaning that at greater magnetic fields, the 

width of the EPR signal is expected to increase quadratically. Another well-known mechanism of 

electronic relaxation is the Raman process, in which a phonon is scattered inelastically, with the 

energy equal to the difference in energies of the two electronic states. This process has a more 

intricate dependence on the field and temperature [96]. Other effects that could change the 

electronic-relaxation time include electronic transitions, molecular motion and spin exchange.  

The significance of electronic relaxation in paramagnetic NMR can be understood from a 

detailed analysis of nuclear-relaxation contributions from the Fermi-contact coupling and dipolar 

coupling as approximated by the point-dipole model (equations 2.26 and 2.30). These relations 

indicate that long electronic-relaxation times (T2e and/or T1e) increase the nuclear-relaxation rate, 

which would result in broader NMR lines, whereas the same electronic-relaxation times would 

produce narrow EPR spectra, as has been pointed out by Eaton [16]. Thus, mechanisms that 

reduce the electronic-relaxation time are valuable for paramagnetic NMR as these would 

improve both signal sensitivity and spectral resolution. As paramagnetic solid-state NMR is 

predominantly done near room temperature, certain mechanisms of electronic relaxation, such as 

direct and Raman processes, are already in effect. Further relaxation can occur if the 

paramagnetic complex possesses low-lying excited states which could be accessible through 

thermal and vibrational coupling [96].
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Chapter 3: Materials and Methods 

3.1 Samples 

3.1.1 Al(acac)3  

A solution of Al(NO3)3 was prepared by dissolving 6.74 g of the solid in 200 ml of water. 

A 20% solution of NaOH was slowly added, with stirring, to initiate precipitation. The freshly 

made white solid was filtered and washed with water and transferred to another beaker. 10.8 ml 

of acetylacetone was added dropwise with stirring. The mixture was heated to 50°C for 15 

minutes with stirring [63]. Product purity was confirmed with powder x-ray diffraction. 

3.1.2 Zn(acac)2·2H2O  

A solution was prepared with 2 ml of acetylacetone and 0.8 g of NaOH in 10 ml of water. 

To this solution another solution (2.9 g of zinc sulfate heptahydrate in 10 ml of water) was added 

slowly with stirring. The resulting white precipitate was filtered and washed with water. The 

melting point was determined to be 138°C, which matches the literature value [97]. 

3.1.3 Ti(acac)3 

The sample was synthesized by Mr. Naser Rahimi from Dr. Budzelaar’s group at the 

University of Manitoba. A 50-mL Schlenk tube was charged with 0.124 mL (1.214 mmol) of 

acetylacetone, 0.169 mL (1.214 mmol) trimethylamine, 15 mL of toluene, and a stirrer bar. The 

mixture was stirred for 3 h at room temperature. Solid (THF)3TiCl3 (0.150 g, 0.405 mmol) was 

added, the solution quickly turned dark violet, and the reaction mixture was stirred overnight. 
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The solution was passed through celite, and the solvent was removed under vacuum. The solid 

residue was dissolved in a few milliliters of toluene and separated with hexane. Crystallization at 

-35 °C gave dark violet crystals [59]. The structure was determined at 55°C with a single crystal 

XRD (details below).  

3.1.4 V(acac)3 

The procedure was adapted from Dilli et al. [60] Reagent-grade oxovanadium (IV) 

sulfate trihydrate  (1 gram) in 10 mL of warm water was added, with stirring, to a sodium 

dithionate water solution (2.5 grams in 10mL) to produce a dark-brown solution. Upon addition 

of 2.5 mL of acetylacetone solution with methanol (1:1 v/v, 15 mL) to the above mixture, a 

brown crystalline product formed. The solid was recovered, washed with water and dried under 

vacuum. Purity was confirmed by powder x-ray diffraction and the structure was found to be α-

V(acac)3. Additionally, the structure was refined at 55°C with single crystal XRD (details 

below). 

3.1.5 Mn(acac)3 

The procedure was adapted from Manabendra et al. [98] 3.6 mL of acetylacetone was 

added, with stirring, to a solution of MnCl2·4H2O (0.9 grams) and sodium acetate (2.4 grams) in 

35 mL of water. Then 0.2 grams of KMnO4 in 9 mL of water were added slowly, with stirring. 

After the addition of a solution of 2.4 grams of sodium acetate in 9 mL of water, the mixture was 

heated for 10 minutes without boiling. The solution was then cooled and filtered to obtain the 

final product, which was then recrystallized under toluene and petroleum ether. The purity was 

confirmed with powder XRD and the phase was identified as δ-Mn(acac)3 [66].  
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3.1.6 Fe(acac)3  

The synthesis was done as described by Fackler [67]. The procedure involved a mixture 

of 1 gram of FeCl3·6H2O with 1.5 mL of acetylacetone in 30 mL of water. Reaction proceeded 

rapidly with the formation of a bright red product, which was then filtered and dried under 

vacuum [67, 99]. The purity was confirmed by powder XRD. 

3.1.7 Co(acac)2·2H2O 

The procedure was adapted from Ellern et al. [100]. A solution of 0.8 grams of NaOH in 

7.5 mL of water was prepared and 2 mL of acetylacetone was added slowly with stirring. The 

solution was kept at 40°C. The resulting yellow solution was added dropwise to a mixture of 2.4 

grams of cobalt (II) chloride hexahydrate in 12 mL of water. The resulting precipitate was 

extracted with vacuum filtration and washed with water. The solid was re-dissolved in a hot 

mixture of 20 mL of 95% ethanol and 13 mL of chloroform. After a short period of evaporation, 

the solution was cooled to induce precipitation and the final product was filtered and washed 

with 95% ethanol. The purity was confirmed by powder XRD.  

3.1.8 Cu(acac)2 

The preparation of Cu(acac)2 was described by Peacock [101]. The purity of the final 

product was confirmed by powder x-ray diffraction. 
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3.1.9 VO(acac)2, V(acac)3, Cr(acac)3, Mn(acac)3, [Cu(Ac)2H2O]2, 

Ni(acac)2·2H2O 

The above complexes were purchased from Alpha Aesar and Sigma Aldrich at 97+% 

purity and used “as is”, without any additional chemical processing, with the exception of 

Mn(acac)3 which was only available as technical grade and used without any additional chemical 

processing. Powder x-ray diffraction was done on all complexes to assess purity. It identified the 

presence of exclusively β-V(acac)3 phase in the commercial V(acac)3 and a dominant 𝛾- 

Mn(acac)3 phase in the technical grade sample, along with impurities. 

3.2 Powder X-ray diffraction 

The sample purity and phase identity of all complexes were confirmed by powder x-ray 

diffraction, except Ti(acac)3 due to its high reactivity in oxygen environment. Powdered samples 

were mounted on a diffraction plate. Data were collected on a Siemens D5000 powder 

diffractometer with Cu-Kα radiation source. Experiments were done with the 2θ angle ranging 

from 5º to 50º degrees and a step size of 0.02º per s.  

3.3 Single Crystal X-ray diffraction 

Single crystal diffraction experiments were done by Dr. David Herbert at the University 

of Manitoba. 
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3.3.1 Ti(acac)3 

A black, multi-faceted crystal of suitable size (0.200 x 0.170 x 0.100 mm) and quality 

was selected from a representative sample of crystals of the same habit using an optical 

microscope and mounted onto a MiTiGen loop. X-ray data were obtained on a Bruker D8 

QUEST ECO CMOS diffractometer (Mo sealed X-ray tube, Kα = 0.71073 Å) at 328 K. All 

diffractometer measurements, including data collection, integration and scaling were carried out 

using the Bruker APEX3 software suite [102]. An absorption correction was applied using 

SADABS [102]. The space group was determined on the basis of systematic absences and 

intensity statistics and the structure was solved by direct methods and refined by full-matrix least 

squares on F2. The structure was solved in the monoclinic space group P21/n using XS [103] 

(incorporated in SHELXTL). No obvious missed symmetry was reported by PLATON [104]; 

despite finding all unit-cell angles close to 90°, no acceptable solution could be found in an 

orthorhombic space group. All non-hydrogen atoms were refined with anisotropic-displacement 

parameters. Hydrogen atoms were placed in idealized positions and refined using a riding model. 

The structure was refined to convergence (weighted least-squares refinement on F2) and the final 

R1 = 0.0399 (I > 2σ(I), 4065 data) and wR2 = 0.1174 (F2, 65316 data points, 205 parameters). 

3.3.2 V(acac)3 

A pale-orange, multi-faceted plate of suitable size (0.150 x 0.120 x 0.030 mm) and 

quality was selected from a representative sample of crystals of the same habit using an optical 

microscope and mounted onto a MiTiGen loop. X-ray data were obtained on a Bruker D8 

QUEST ECO CMOS diffractometer (Mo sealed X-ray tube, Kα = 0.71073 Å) at 328 K. All 

diffractometer measurements, including data collection, integration and scaling were done using 



 Materials and Methods 

68 
 

the Bruker APEX3 software suite [102].  An absorption correction was applied using SADABS 

[102]. The space group was determined on the basis of systematic absences and intensity 

statistics and the structure was solved by direct methods and refined by full-matrix least squares 

on F2. The structure was solved in the orthorhombic space group Pbca using XS [103] 

(incorporated in SHELXTL). No obvious missed symmetry was reported by PLATON [104]. All 

non-hydrogen atoms were refined with anisotropic-displacement parameters. Hydrogen atoms 

were placed in ideal positions and refined using a riding model. The structure was refined 

(weighted least-squares refinement on F2) and converged to R1 = 0.0827 (I > 2σ(I), 3062 data 

points) and wR2 = 0.1561 (F2, 57830 data points, 205 parameters). 

3.4 NMR methods 

3.4.1 NMR Experimental conditions 

Solid-state NMR experiments were done on a Bruker 500 (B0 = 11.7 T) AVANCE III 

spectrometer. 13C and 1H MAS NMR spectra were collected with a 1.3 mm double-resonance 

MAS probe at a spinning rate of 60 kHz with an average sample size of 2 mg. Delays between 

pulses include both recycle delay and acquisition time; together they were on the order of a few 

milliseconds, at the limit of the probe duty cycle or 3 times the visible FID decay. 1H and 13C 

Hahn-Echo and 13C{1H} REDOR were done at 60 kHz MAS with matching 90˚ pulse lengths for 

13C and 1H of 1.8 μs. The use of small NMR rotors is favorable for the study of paramagnetic 

complexes, as it minimizes the effect of anisotropic bulk magnetic susceptibility in addition to 

reducing the temperature gradient across the sample [105]. Paramagnetic resonance shifts are 

highly temperature-sensitive (see equation 2.18); therefore, it is necessary to do NMR 

experiments in a controlled environment. These experiments were acquired at a controlled 
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sample temperature of 55 ± 2 ˚C, unless specified otherwise. The temperature controller was 

calibrated using the 207Pb chemical shift of the solid Pb(NO3)2 [106]. 13C chemical shifts were 

referenced with the secondary standard, adamantane at 37.4 and 29.5 ppm; 1H shifts were 

referenced with distilled water at room temperature at 4.75 ppm (Chapter 9.2 [1]).  

Samples were packed in air except Ti(acac)3, which is air sensitive. Ti(acac)3 was loaded 

into a rotor in the inert atmosphere of a glove box. NMR spectra of Ti(acac)3 were acquired 

shortly after the transfer of the sample rotor from the glove box to the spectrometer. The flow of 

dry nitrogen gas used to spin the sample is assumed to protect it from the oxygen-rich ambient 

environment. 

3.4.2 Hahn-Echo experiment 

A Hahn-Echo MAS NMR experiment is used preferentially in place of a simple single-

pulse experiment, presented in Chapter 2.1, in order to reduce possible background irregularities 

that can obscure the signal from broad resonances. This experiment is also known to reduce the 

effect of field inhomogeneity, which would additionally broaden the isotropic signal [107, 108]. 

The schematic representation of the pulse sequence is presented in Figure 3.1. In a Hahn-Echo 

sequence, the initial excitation tips the magnetization into the x-y plane, after which the 

magnetization is allowed to lose coherence for a fixed period of time. This time period is 

synchronized with a single rotor period, τr = 1/νMAS. An inversion pulse is applied after the delay, 

which leads to refocusing of the coherence after an identical delay has passed. At this point, 

NMR acquisition starts, which eliminates the need for any major background phase processing as 

the acquired FID is an echo with the ideal starting point. 
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FIGURE 3.1: Schematic representation of the Hahn-Echo MAS pulse sequence [107]. 

3.4.3 Adiabatic Double-Echo experiment 

The adiabatic double-echo pulse sequence is a valuable modification of the Hahn-Echo 

sequence that replaces hard inversion pulses with adiabatic inversion pulses capable of exciting a 

much greater frequency range [34]. This additional inversion excitation ensures that broad NMR 

spectra that span the range of up to 2000 ppm are observed with near-quantitative intensities. The 

effect of the pulse sequence on the magnetization is similar to that of the Hahn-Echo experiment 

seen in 3.4.2 with an additional refocusing block applied after the first inversion, Figure 3.2.  

FIGURE 3.2: Schematic representation of the adiabatic double-echo MAS pulse sequence [34]. 
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The adiabatic pulse in Figure 3.2 is created according to instructions provided by Kervern 

et. al. [34] where the pulse-excitation bandwidth for 13C NMR was set to 1850 ppm for a 

spinning rate of 60 kHz, as was described in the publication [34]. 

3.4.4 13C{1H} REDOR 

13C{1H} Rotational Echo Double Resonance (REDOR) is done with two separate 

experiments [109]. The first experiment serves as a standard to account for signal loss during the 

pulse sequence, and is equivalent to the rotor-synchronized 13C Hahn-Echo sequence 3.4.2. The 

second experiment is done with an inversion pulse on the 1H nucleus at an interval of half of the 

rotor period, as illustrated in Figure 3.3. This inversion pulse reintroduces the dipolar coupling 

between the two coupled nuclear spins that is otherwise partially averaged by MAS. The effect 

of the refocused dipolar coupling results in a characteristic decrease in signal intensity of the site 

closest to the coupled species. The most common application of these experiments is in the 

measurement of the distance between coupled nuclei. The distance is fitted to the relation of 

intensity modulation to the number of recoupling periods, which are denoted as n in Figure 3.3. 

FIGURE 3.3: Schematic representation of the 13C{1H} REDOR pulse sequence.  

τr τr

13C

1H

n n

180˚

180˚180˚

90˚



 Materials and Methods 

72 
 

In the current application, we keep n = 1 as we are only concerned with the distinction of the 13C 

signal belonging to one of the three functional groups: methyl, methine or carbonyl. The signal 

from the carbonyl group is not expected to have dephasing upon 1H recoupling as the carbon 

nucleus is far from any hydrogen atoms. The 13C signal of the methine group is expected to lose 

intensity as the proton and carbon are directly bonded, and thus are in close proximity. The 

signal from the methyl group is also expected to lose intensity, but is a special case due to 

rotational motion. Despite there being three hydrogen atoms bound to the carbon, the signal 

reduction is smaller compared to the methine group. The single carbon-carbon bond of the 

methyl allows free rotational motion of the methyl group, which modulates the dipolar 

interaction between the three 1H spins and the 13C. The modulation is significant such that the 

signal reduction is actually smaller than that of the methine group, but still appreciable for a clear 

distinction from the carbonyl signal [33, 110]. 

3.4.5 13C{1H} CP MAS NMR 

Cross polarization (CP) is a common technique in NMR and is used to transfer 

magnetization between different types of nuclei, which boosts sensitivity of the least sensitive 

nucleus and permits heteronuclear correlation. Figure 3.4 shows the pulse sequence, where 13C-

channel pulses mimic that of a Hahn-Echo experiment, with the exception of the first pulse in CP 

being a spin-lock pulse. During this pulse, the 1H channel is also irradiated with a continuous 

pulse that uses a ramped power level to achieve a coherent spin state between 13C and 1H nuclei. 

Coherence is best achieved through nearest-neighbor atoms, thus the hydrogen magnetization is 

transferred onto the bound carbon [111]. 
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A two-dimensional version of this experiment is shown in Figure 3.4, where τinc is the 

delay that modulates the 1H magnetization prior to mixing. This modulation produces a 13C 

spectrum as a function of that magnetization, which appears as a correlated projection of a 1H 

spectrum in the second dimension. The pulse sequence has been adapted from Ishii et al.[31] 

2D 13C{1H} CP experiments were done at 9.4 and 11.7 T fields spinning at 14 kHz and 

28 kHz, respectively. Experiments at 9.4 T were done with 4096 transients per slice, for a total of 

64 slices, using a rotor-synchronized spectral width in the second dimension. The total delay 

between pulses was set to 30 ms. The experiment at 11.7 T was done with 16000 transients per 

slice with 96 slices in the second dimension, using the same waiting period of 30 ms. 

 

 

FIGURE 3.4: Schematic representation of the 13C{1H} CP MAS pulse sequence. τinc is the delay 

used for the second dimension in the 13C-1H 2D correlation experiment. 
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3.5 Software 

3.5.1 Gaussian 09  

Quantum-chemical calculations of electronic properties were done using the 

commercially available software, Gaussian 09. This program is widely used by researchers 

focused on interactions of small-to-medium-scale molecules. Its availability made it an obvious 

choice to be used as the computational software for this work. 

Energy calculations were done on all molecules in this study with a fixed basis set, 

def2TZVP, on the metal, and EPR-II on oxygen, carbon and hydrogen atoms. The def2TZVP 

basis set has proved capable of predicting the electronic configuration for 3rd row transition 

metals [112, 113]. The EPR-II basis set is a modified version of the 6-31(d,p) basis set with an 

added set of contracted functions near the nuclear core in order to better approximate the spin 

density at the nucleus [114]. This modification makes this basis set theoretically more accurate at 

calculating the spin density at the nucleus. The model structures were taken directly from the 

crystal structures without any additional geometry optimization, so as to preserve the site 

degeneracy. A series of hybrid functionals were used with a variable degree of Hartree-Fock 

(HF) mixing. Results from all functionals used are consistent, and thus a functional mPW1PW91 

was used throughout the thesis to illustrate the level of accuracy achievable by a single 

functional for multiple systems. This functional has been cited to be reliable in predicting metal-

π charge transfer interactions [115, 116]. Calculations were done with unrestricted conditions to 

separate electrons of opposite spin into separate orbitals. This modification is important in 

achieving an accurate account of inter-orbital interactions with unpaired spin density [93]. All 

calculations showed negligible spin contamination, with <S2> value deviating by as much as 2% 
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in the worst cases. Natural population analysis (NPA) and natural bond order (NBO) calculations 

were done at the same level of theory. NPA summarizes the occupancy of individual atomic 

orbitals in the provided coordinate system [117]. The method of calculation uses the electron-

spin density-distribution within the system, which is provided by the NBO calculation. The 

distribution of the spin density is visualized using an isosurface with a given value (usually   

4·10-4
 e/au3) and with a spin-density contour map. The map outlines the contours of multiple 

isosurfaces (5·10-5, 1·10-4, 2·10-4, 5·10-4, 1·10-3, 2·10-3, 5·10-3, 1·10-2 e/au3) and illustrates the 

changes in spin density in a chosen plane. The choice of the plane is important for a meaningful 

visualization of the spin density. The contour plane was selected to pass through carbonyl and 

methine carbons throughout the thesis, unless indicated otherwise. 

3.5.2 Mathematica. SpinDynamica 

Wolfram Mathematica [118] is a language environment used to process large amounts of 

data. “SpinDynamica” [119] was used within Mathematica to simulate the relaxation-induced 

decay of signal intensity during an NMR pulse sequence. An additional program, tentatively 

called “pNMRem” (paramagnetic NMR emulator), was written within the Mathematica language 

environment to automate the data readout from the Gaussian output file and produce a summary 

of calculated parameters [120]. The software reads in the Gaussian output file with the modeled 

structure in the .log format and allows modification of initial and calculated parameters as a part 

of the fitting process. The software strictly follows the equations presented in the theory section, 

Chapter 2. An additional capability of pNMRem is the ability to model the long-range dipolar 

contribution to the nuclear relaxation within a solid structure. To achieve this, two files are 

provided as inputs, the Gaussian output file with the NPA analysis in .log format, and the .pdb 



 Materials and Methods 

76 
 

file with a selected solid crystal space that represents the active space for modeling. The .pdb file 

can be readily generated using the Vesta software. 

3.5.3 Vesta 

Vesta is a visualization program for crystal structures [121]. The program is used to 

generate molecular structures from crystallographic .cif files that are then used for the 

computational calculation. Another application of the software in this work is to generate .pdb 

files with a large number of unit cells for modeling the dipolar interaction through pNMRem. 

3.5.4 DMfit 

DMFit is used to model frequency-domain NMR spectra and extract physical parameters 

from the lineshape [122]. Its iterative fitting capability makes this software an attractive choice 

for fitting spectra with multiple resolved sites. The software is used to fit NMR spectra in the 

thesis to obtain chemical shifts, isotropic signal widths and shielding.
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Chapter 4:  

Tris(2,4-pentanedionato)metal (d1 – d3) 

This chapter will focus on NMR studies of dn (n = 1-3) metal trisacetylacetonates with 

occupancies of “t2g” orbitals. See sections 1.3.1 – 1.3.3. 

4.1 Tris(2,4-pentanedionato)titanium(III), d1 

Crystalline Ti(acac)3 is subject to a mild Jahn-Teller distortion associated with a d1 

system in an octahedral symmetry field, thus each atom experiences a unique local environment. 

The presence of a single electron between the three orbitals (dxy, dxz and dyz) is expected to cause 

a Jahn-Teller distortion that breaks the symmetry of the oxygen coordination. According to the 

structure from the single crystal XRD measurement, Figure 4.1, the molecule contains two 

similarly distorted acetylacetonate ligands: O3, O4 (ligand 1) and O5, O6 (ligand 2), and a 

distinct ligand 3 with elongated Ti-O bonds, O1 and O2. This distinction is expected to be 

observed in both 13C and 1H NMR spectra as it points toward variations in local environment.  

Solution 1H NMR was done for Ti(acac)3 that produced a single broad resonance [16]. 

The solid-state 13C NMR spectrum of this complex can have up to 15 resonances and 1H 

spectrum can have up to 21 resonances. The latter is not expected as methyl groups undergo fast 

rotational motion about the carbon-carbon σ-bond even in the solid state [123]; therefore, of the 

18 methyl protons we expect at most 6 signals ,and, together with the signals from three methine 

groups, only up to 9 1H resonances should be expected. 
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4.1.1 Molecular orbital formalism 

Each oxygen of the acetylacetonate ligand chelates to the metal via σ-bonding, following 

the energy diagram according to the ligand field theory (Figure 4.2). The σ-bonding interaction 

between the oxygens and the metal in an octahedral field introduces the energy splitting of the 

metal d-orbitals into two distinct groups. This splitting is referred to as the crystal-field splitting 

(Figure 4.2). As the Ti3+ ion contains a single unpaired d-electron, that electron occupies the 

lower energy t2g orbitals, which do not interact with the ligand orbitals due to their symmetry 

incompatibility (Figure 4.2). Oxygens chelating to the metal have two lone pairs of electrons in 

orbitals of p symmetry, where one is perpendicular to the plane of the ring and participates in the 

 
FIGURE 4.1: ORTEP diagram of Ti(acac)3

 structure measured at 328 K and Ti - O bond lengths. 

 Distance (Å) 

Ti – O1 2.013(4) 

Ti – O2 2.024(3) 

Ti – O3 2.003(5) 

Ti – O4 2.011(4) 

Ti – O5 2.013(3) 

Ti – O6 2.000(6) 
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pseudoaromatic bonding. The other lone pair occurs in the plane of the ring and completes the 

sp2 hybridization of the oxygen orbitals. Both of these lone pairs have the correct symmetry for 

the π(d – p) interaction with the metal. An illustration of one of the interacting metal d-orbitals 

with the oxygen p-orbitals is given in Figure 4.3. As all oxygen lone p-orbitals contain paired 

electrons, the only singly-occupied multi-atomic orbital has a characteristic anti-bonding 

character as shown in Figure 4.3. Within the two-center molecular-orbital formalism interactions 

between the metal d-orbital and the oxygen p-orbital are considered as π antibonding, or π*. 

A unified axis reference frame in Figure 4.4a will be used throughout the thesis to 

provide a general framework for the description of molecular orbitals. The axis system is 

proposed such that each axis passes through the coordinated oxygen atom, which is labeled 1 

FIGURE 4.2: Ligand-field theory energy diagram for σ-bonded ligands coordinating to Ti3+ in an 

octahedral field. Encapsulated energy levels represent the crystal-field splitting. 
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through 6 in Figure 4.4a. The coordination of oxygens around the metal is approximated as 

octahedral, where distinct distortions in metal-oxygen bond lengths point towards the presence of 

the mirror plane (Figure 4.4b). The axis normal to this pseudo-mirror plane is chosen as the z-

axis of the molecule. These distortions can appear as the axial elongation and the equatorial 

compression or vice versa. As an example, Ti(acac)3 in Figure 4.1 has the axial contraction 

within Ti - O3 and Ti - O6 bonds together with the equatorial elongation. This structure would be 

referred to as the Jahn-Teller compressed form. Individual oxygen atoms that coordinate to the 

metal have their own reference frames in Figure 4.4a, where the z-axis is fixed as normal to the 

plane of the ligand. This reference frame is chosen to preserve the identity of ligand pz-orbitals as 

a part of the pseudoaromatic ring. 

The highest-energy orbital interactions with π*-symmetry between metal (d )-oxygen (p) 

orbitals in an octahedral environment can be derived by analogy with Ballhausen’s summary of 

the bonding π-interactions (page 158 in  [124]). The author lists these as molecular-orbital 

FIGURE 4.3: Linear combination of atomic orbitals with π-symmetry between one of the metal dxy, 

dxz, dyz orbitals and the p-orbitals of ligands.  
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combinations with the t2g band of metal orbitals. Table 4.1 provides a detailed summary of 

metal-oxygen interactions within the reference frame in Figure 4.4a, that include the delocalized 

unpaired-electron spin-density from metal t2g as seen in Figure 4.3. The example in Figure 4.4b 

shows a possible arrangement of acetylacetonate groups, which determines the bonding nature of 

interacting p-oribtals. In this example according to Table 4.1, the dxy orbital interacts with 

pseudoaromatic pz-orbitals of oxygens 4 and 5 and with sp2 hybrized p-orbitals of oxygens 1 and 

2.  

TABLE 4.1: π*(d – p)  interactions in the octahedral field with the reference-axis system in 

Figure 4.4a. 
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FIGURE 4.4: a) Reference-axis system for interpretation of MO diagrams, where z-axis of 

individual atoms is normal to the ligand plane; b) a molecule of Ti(acac)3 in the reference 

system. 

t2g orbital Interacting oxygen p- orbitals 

dxy ½ (px1 + py2 + pz4 + pz5) 

dxz ½ (pz2 – pz3 + px5 + py6) 

dyz ½ (pz6 – pz1 + px3 + py4) 
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4.1.2 13C MAS NMR  

The 13C MAS NMR spectrum, Figure 4.5, of the crystalline compound features four main 

peaks, in addition to some small peaks indicating an impurity phase thought to be TiO(acac)2 

[59]. The peaks from the paramagnetic target compound are clearly shifted well outside the 

expected diamagnetic range defined by the diamagnetic compound (~20 - 200 ppm), reflecting 

significant contact coupling to unpaired spin density from the d1 metal. 

The three types of functional groups present in the ligand may be assigned to the groups 

of peaks according to DFT-calculation (see below): carbonyl carbon peaks between 620 – 780 

ppm, methine carbon at -180 ppm, and methyl carbons at -300 ppm. Within each region, 

evidence of additional inequivalencies is seen in the multiplicity or asymmetry of peaks, 

reflecting the expected Jahn-Teller distortion. This is a result of the sensitivity of paramagnetic 

NMR, as the molecule contains two similarly distorted acetylacetonate ligands with Ti – O bond 

lengths of 2.011(4) Å, 2.003(5) Å (Ligand 1) and 2.013(3) Å and 2.000(6) Å (Ligand 2). The 

third ligand has larger bond distances of 2.013(4) Å, 2.024(3) Å (Ligand 3), Figure 4.1. This 

distinction in Fermi shifts between distorted ligands is also corroborated by the DFT 

calculations, Table 4.2. However, the spectral resolution does not permit a clear distinction of all 

15 carbons present in Ti(acac)3. The assignment of paramagnetically shifted peaks requires some 

degree of understanding of the MO and the unpaired spin density located near the nucleus of 

interest. For this, ab-initio or DFT calculations are used to create a map of the spin density and 

estimate the net spin density at the nuclear site.  
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FIGURE 4.5: a) 13C Hahn-Echo MAS NMR of Ti(acac)3. Assignment of functional groups is 

based on DFT. “^” indicate a diamagnetic impurity thought to be TiO(acac)2 [59]. Horizontal 

bars indicate calculated ranges for signal assignment. b) Signal fitting of CH3 and CH groups in 

2:1 ratio is depicted with solid lines. The dashed line presents the sum fit.   
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The distribution of the unpaired electron throughout the molecule is depicted in Figure 

4.6a. There does seem to be an appreciable amount of spin-density propagation from the metal 

center to all three ligands of the molecule as evident from the spin-density isosurface. This 

surface encapsulates the net spin-density distribution, which is a sum of individual inter-orbital 

interactions. In order to study these interactions in detail, a slice of the spin density is taken along 

one of the ligands to form the contour plot in Figure 4.6b. The spin-density isosurface in Figure 

4.6a shows that there is no significant difference in the spin-density distribution between the 

three acetylacetonate ligands, thus only one of the three ligands is presented for detailed analysis 

of the spin-density contour plot in Figure 4.6b.  

FIGURE 4.6: a) Spin-density distribution in Ti(acac)3; spin-density isosurface, b) in-plane spin-

density contour plot of one of the ligands, c) atomic labels of the contour plot. Blue regions 

represent positive spin-density, red are used for negative spin-density. 

The spin-density distribution throughout the ligands originates from a favorable orbital 

symmetry of unpaired electrons at the titanium (III) metal with respect to the symmetry of the 

interacting ligand orbitals. The complex has a single unpaired electron in a pseudooctahedral 

field generated by six oxygen atoms surrounding the metal. Within the ground-state 

configuration the electron occupies the low-energy vacant dxy, dyz and dxz orbitals. Thus, the 
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unpaired electron possesses the compatible symmetry for delocalization onto the ligand through 

π*(d – p) interactions according to Figure 4.3 and Table 4.1. As evident from the isosurface in 

Figure 4.6a, the unpaired-electron spin-density is distributed within the ligands with p-symmetry 

orbitals. This is an indication of the π*(d - p) overlap between the metal and the pseudoaromatic 

orbitals of the ligand. These are the lone-pair orbitals of oxygens marked as pz on O1 and O2 in 

Figure 4.4, which interact with t2g-type d-orbital according to Table 4.1. As pseudoaromatic p-

orbitals are not hybridized with other orbitals of the same atom and they have a node at the 

nucleus, their effects on the Fermi coupling are minor.  

The only mechanism by which the pseudoaromatic p-orbital can influence the Fermi 

spin-density of the host atom is through intra-atomic orbital polarization. Such a mechanism has 

been described by La Mar et al. (Chapter 5.1 [5]) and Bertini et al. (Chapter 2 [87]), where the 

orbital overlap between overlapping doubly-occupied s-orbital and a singly occupied p-orbital 

results in a spin-density polarization of the former. Thus the unpaired spin-density in the p-

orbital forces the opposite sign of the Fermi spin-density on the same atom through the 

polarization of its doubly occupied s-orbital.  

The spin-density contour-map in Figure 4.6b provides a cross-section of the 

acetylacetonate ligand and outlines contours of interacting orbitals in its plane. A detailed 

discussion of the contour map uses the ligand with O1 and O2 in the xy- plane of the reference 

frame in Figure 4.4. Figure 4.7a provides a detailed illustration of the interaction in the ligand 

plane between the hybridized oxygen p-orbital and the metal d-orbital. This is evident with the 

characteristic contour of the π*(d - p) symmetry, where the atomic orbitals are anti-bonding and 

possess the positive spin-density indicative of the delocalization mechanism. The in-plane 

oxygen p-orbital that participates in the π* interaction with the metal is also a part of the oxygen 
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sp2 hybridization. Thus the positive spin-density from this p-orbital is delocalized further onto 

the carbonyl carbon, where the spin density can be thought to occupy the high-energy vacant 

orbital of s-symmetry as evident from Figure 4.7a. The presence of positive spin-density at the 

carbonyl carbon nucleus is corraborated by the positive sign of the Fermi-coupling constant, 

which implies the presence of a positive spin-density at that 13C site according to equation 2.21. 

 

a)

b)

c)

FIGURE 4.7: Spin-density contour-maps from Figure 4.6b showing the dominant contribution to  

the observed pattern. a) Spin density between the metal and the carbonyl group; b) spin density 

between carbonyls and a methine group; c) spin density between a carbonyl and a methyl group. 
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Another contribution to the positive spin density of the carbonyl carbon originates from 

the polarization of the metal-oxygen σ-bond, as seen in Figure 4.7a by the red contours at the 

oxygen atom. This net negative spin-density at the oxygen introduces spin-polarization of the 

carbonyl bond and adds positive spin-density at the carbonyl carbon.  

The π*(d - p) interaction between oxygen atoms and the metal as well as the σ-bond  

polarization between them in Figure 4.7a and Table 4.1 has been deemed insignificant for spin-

density transfer by Autschbach [57], where the idea of the ligand interaction exclusively with dx2-

y2 and dz2 orbitals was used instead. The net spin-density contour outlines in Figure 4.7a the 

expected shape of the π* interaction of O(p) and Ti(d) with a characteristic polarization of the 

oxygen-metal σ-bond. I shall consider these mechanisms as primarily responsible for the spin-

density distribution and will further focus on the delocalization pathway. As seen in Figure 4.7a, 

this delocalization extends to the carbonyl carbon via the oxygen p-orbital, making it the 

dominant contribution to the carbonyl Fermi shift and a probe of the electron density at the metal 

t2g orbital in the plane of the ligand.  

The access of the positive spin-density at the carbonyl carbon creates the condition for 

spin polarization of the carbon bonding orbitals in the presence of the overlap with that unpaired 

spin-density. According to Figure 2.14, this leads to a spacial separation of opposing electron 

spins within a doubly occupied bonding orbital and creates regions of negative spin-density at 

the other end of the carbonyl carbon bond. The effect of the spin polarization is expected to be 

present in all three bonds of the carbonyl carbon, and it is clearly visible in the bonding between 

carbonyl and methyl as well as carbonyl and methine groups, Figure 4.7b,c. The polarization of 

the carbon-oxygen bond is obscured by the overwhelming positive spin-density of the in-plane 

oxygen p-orbital; however, the effect of the polarization between oxygen and carbon can be 
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tracked with the spin density at the oxygen nucleus. The net positive polarization at the carbonyl 

carbon contributes negative Fermi spin-density to the oxygen. Additional polarization 

mechanisms that lead to the negative spin-density at the oxygen core include intra-atomic orbital 

interactions of O(s) with both O(p) orbitals that participate in π*(d-p) interaction and the 

polarization of the σ bond between the metal and the oxygen, as shown in Figure 4.7a. DFT 

calculations indicate that all oxygen nuclei are dominated by the negative spin-density in 

agreement with our polarization-driven mechanisms.  

The methyl 13C signal is shifted to negative frequency from its diamagnetic position of 

around 27 ppm, which corresponds to the shift in the diamagnetic reference Al(acac)3, Figure 

4.5a. This negative Fermi shift is the result of the dominant spin-polarization mechanism that 

originates at the carbonyl group and affects the carbonyl-methyl σ bond. The methyl carbon is 

left with the net negative spin-density as a result of this inter-orbital interaction, Figure 4.7c. In 

addition to spin polarization, the unpaired electron-density on the carbonyl carbon is further 

delocalized through the ligand as it is present in a high-energy atomic orbital from the overlap of 

the in-plane O(p) orbital, Figure 4.7a. This electron density propagates further down the ligand 

through the high-energy anti-bonding C - C orbitals of σ* type. For the methyl group, this effect 

is minor and is dominated by the overall spin-polarization mechanism.  

The 13C signal of the methine group is shifted to negative frequency from the diamagnetic 

origin of around 101 ppm as found in Al(acac)3, Figure 4.5a. This negative Fermi shift is even 

greater in magnitude than the shift of the methyl group. The dominant effect in this case is once 

again the spin polarization of the carbon-methine bond, Figure 4.7b; however, in this case, both 

carbonyl groups participate directly in polarizartion of the methine carbon. This polarization 
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from both sides of the group explains the greater negative contribution to the Fermi coupling of 

the methine carbon nucleus as compared to that of the methyl. 

4.1.3 13C{1H} REDOR 

A 13C{1H} REDOR experiment was used to confirm the assignments of signals to 

functional groups, Figure 4.8. The signal at high frequency did not experience any loss upon 

recoupling of 1H magnetization, therefore it is attributed to the carbonyl group. Resonances at 

negative shifts both experience a loss of signal intensity. The signal with the largest dephasing is 

assigned to the methine group, which leaves the signal at the lowest shift to the methyl group. 

4.1.4 1H MAS NMR  

NMR can provide multiple approaches to probe the spin-density distribution in the 

system via signals from different types of nuclei. Figure 4.9 shows the 1H MAS NMR spectrum 

of the paramagnetic titanium complex. Signals occur well outside the typical diamagnetic signal 

range of 1H NMR (0 - 12 ppm), and the signal widths also appear broadened by paramagnetic 

and nuclear-dipolar interactions. The assignment of resonances is based on intensity and 

confirmed by DFT calculations (Table 4.2). The signals at the higher-frequency range of 50 – 60 

FIGURE 4.8: 13C{1H} REDOR MAS NMR of Ti(acac)3. The black trace was acquired in the 

absence of dipolar recoupling, the red spectrum was acquired with dipolar recoupling. 
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ppm are attributed to methyl groups, whereas the two distinct low-intensity peaks in the lower 

frequency of 29 – 36 ppm represent the three methine groups. 

Unlike the methyl groups, signals from the methine protons are not affected by averaging 

rotational motion and thus retain information about the rigid part of the molecule. As we have 

seen previously in 13C NMR (Figure 4.5b), there is a subtle loss of degeneracy among the 

methine signal that splits the 13C resonance in a 2:1 ratio. This variation in local environment of 

the methine groups is also observed in 1H MAS NMR (Figure 4.9). The methine resonances 

appear well resolved at 35 and 30 ppm and retain the 2:1 intensity ratio (Table 4.2). 1H NMR 

also indicates that the resonance at 35 ppm is composed of two signals with similar shifts, 

reflecting the fact that the three functional groups are not equivalent, as indicated by the crystal 

FIGURE 4.9: 1H Hahn-Echo MAS NMR of Ti(acac)3. Proposed signal positions are listed according 

to DFT calculation, where the expected signal regions are indicated.  
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structure. The positive Fermi-coupling constants of the methine groups can be attributed to the 

polarization of the methine CH bond as indicated in Figure 4.6b, where it must be opposite to 

that of the carbon polarization. An additional contribution arises from the occupancy of the 

methine pz-orbital, perpendicular to the CH bond according to La Mar (Chapter 5.1 [5]), Figure 

4.10. The driving force behind this effect is partial overlap of the pz-orbital with the σ(CH) bond. 

The overlap causes polarization of the spin density of the latter. An empirical relation [5, 87] 

suggests that the spin density of the pz-orbital on the carbon has proportionally opposite 

contribution to the hydrogen of the methine. In Figure 4.6a pz-orbitals are occupied by the net 

negative spin-density, thus the contribution to the methine Fermi coupling and shift is positive. 

These orbital interactions, together with the electron delocalization, all contribute to the observed 

net positive-spin density of the methine hydrogen.  

Calculated signal positions of methyl hydrogens have been averaged to simulate the fast 

rotational motion. Thus each of the methyl groups displays resonances with averaged hyperfine 

FIGURE 4.10: Polarization of the AB bond with unpaired electron in p-orbital of atom A. 
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interaction. The mechanism behind each of the individual hydrogen couplings within the group 

has been discussed in detail by Underwood and summarized by Luchinat [87, 125]. Where the 

methyl group is bonded to the sp2 carbon, the pz-orbital overlaps with the s-orbital of the 

hydrogen and thus causes a spin-density transfer via delocalization. Bertini et al. [87] provide an 

empirical expression for the magnitude of the coupling in relation to the torsion angle between 

the pz-C-C and C-C-H planes. Thus in Figure 4.6a, the positive spin-density of the pz-orbital of 

the carbonyl carbon extends onto the hydrogen atom of the methyl group if the CH bond is 

parallel to the orbital. Rapid rotation of the methyl group results in an averaged coupling 

between the hydrogen and pz-orbitals over all torsion angles. Therefore, signals from three 

individual hydrogens of the methyl group become averaged and the atoms reach magnetic 

equivalency through the rapid exchange of environments.  

4.1.5 Summary of computational assignments  

Computational assignments rely on knowledge of the sample magnetic moment 

according to equation 2.22. EPR measurements have provided important information on the 

electronic environment of this paramagnetic titanium complex [59]. Among the most valuable 

parameters is the g-tensor. Unfortunately the experiment was done on a frozen solution of 

Ti(acac)3 in CH2Cl2 at 77 K, which gave a broad featureless resonance with an isotropic g-value 

of 1.954 [59]. There is no published record of the g-value near room temperature. However, the 

value at low temperature does not differ significantly from the free electron g-value of 2.0023, 

which will be used as an approximation for the evaluation of Fermi contact shifts. This result 

implies the presence of a relatively low contribution of spin-orbit coupling in Ti3+. Thus, with 

greater sample temperature, the electronic occupancy would bring the g-value closer to the free 

value through the Boltzmann factor [15].  
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TABLE 4.2: 13C and 1H NMR of Ti(acac)3 and DFT calculation. Calculated and experimental shifts are 

in ppm at a sample temperature of 55 ˚C are presented along with the calculated Fermi coupling. 1H and 

13C NMR shifts from the same functional groups are indicated and appear in the order listed. 

Group 

[ligand] 

13C 1H 

Acalc (MHz) 

{Aexp} 

δcalc
a)  

{δexp} 

Acalc (MHz) 

{Aexp
b)} 

δcalc
a)  

{δexp} 

CO [2] 

CO [3] 

6.71, 6.22 

5.98 

{5.5(1)} 

834, 787  

764 

{713(6)} 
  

CO [1] 

CO [3] 

CO [1] 

5.91, 5.72 

5.59 

{5.0(1)} 

757,739  

726 

{680(6)} 

CH [3] 
-1.73 

{-1.63(5)} 

-65 

{-55(1)} 

1.19 

{0.99(3)} 

34 

{29(1)} 

CH [2] 

CH [1] 

-2.51 

-2.73 

{-1.81(5)} 

-140  

-160 

{-71(2)} 

1.24 

{1.20(3)} 

1.34 

{1.24(3)} 

35 

{34(1)} 

38 

{35(1)} 

CH3 [3] 
-1.36, -1.40 

{-1.44(5)} 

-103, -106 

{-111(2)} 

(1.90, 0.22, 3.68) 

{2.08, 0.23, 4.04} 

(3.93, 0.35, 1.50)  

{4.32, 0.39, 1.65} 

48, 48 

{53(1)} 

CH3 [1] 

CH3 [2] 

-1.60, -1.67 

 -1.67, -1.71 

{-1.57(5)} 

-125, -132  

-132, -136 

{-122(2)} 

(3.84, -0.11, 3.57) 

{3.54, -0.10, 3.30} 

(0.79, 1.91, 4.74) 

{0.72, 1.73, 4.29} 

(2.81, 0.18, 4.63) 

{2.49, 0.16, 4.10} 

(2.98, 0.10, 4.53) 

{2.64, 0.09, 4.01} 

61, 62 

63, 63 

{56(1)} 

 
a) Shifts were calculated according to equation 2.18. 

b) Couplings from individual hydrogens from the same methyl group are scaled to match the 

average experimental shift. 
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The diamagnetic reference shift for each of the functional groups in Ti(acac)3 has been 

adopted from the Al(acac)3 complex as these structures have similar local environments for each 

of the functional groups.  

Table 4.2 provides numerical values for calculated and experimental 13C and 1H NMR 

shifts in Ti(acac)3. The overall quality of signal assignment is satisfactory for a general 

assignment of functional-group regions as seen previously in Figures 4.5 and 4.9. The detailed 

crystallographic assignment of individual resolved resonances still suffers from the quality of the 

modeling. As an example, the 13C signal of the carbonyl group has two distinct signals of equal 

intensity; however the calculation indicates that both signals should be asymmetric, Table 4.2. 

However, the quality of the calculation is sufficient to predict the distinct CH and CH3 groups in 

both 13C and 1H spectra with a sufficient level of accuracy, Figures 4.5 and 4.9, Table 4.2.  

4.1.6 Effect of structural variation with temperature on Fermi coupling  

Another common method of structural assignment in paramagnetic NMR is the use of 

variable-temperature experiments and subsequent estimation of the diamagnetic shift through 

extrapolation to infinite temperature [37]. This method ignores the possibility of the change in 

hyperfine coupling constant with temperature through small changes in chemical bonding. As an 

example, the computational results in Figure 4.5 are produced using a crystal structure of 

Ti(acac)3 that was determined at 55ºC in order to closely match the experimental condition of 

MAS NMR. There is [29] another closely related crystal structure of this complex at -173 ºC, 

which captures the thermal variation of mean atomic positions with respect to the structure at 55 

ºC. The difference in the computed hyperfine coupling for the two structures is not uniform for 

every crystallographic site. Figure 4.11 presents a computed change in the Fermi coupling for 
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each crystallographic site that occurs on cooling the solid from 55 ºC to -173 ºC. The Fermi 

coupling between the two temperatures can vary as little as a fraction of a percent or as much as 

25% of the coupling without complete structural rearrangement or a change in packing.  The 

structure at lower temperature displays an anisotropic variation to the spin density, where ligand 

3 experiences an overall greater positive spin-density contribution and ligands 1 and 2 

experience minor negative and neutral contributions. These variations in the Fermi coupling 

influence the temperature dependence of the resonance shift according to equation 2.19, which 

can lead to erroneous extrapolation of the diamagnetic position at the limit of infinite 

temperature and cause misassignment. 

 

 

FIGURE 4.11: Change in computed 13C Fermi coupling constants between the -173 ºC and 55 ºC 

structures of Ti(acac)3. The change is calculated as (A-173 ºC – A55 ºC)/A55 ºC 
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4.2 Tris(2,4-pentanedionato)vanadium(III), d2 

Among multiple reported crystal-structures of V(acac)3, there are two distinct packing 

arrangements [29]. In each case, individual molecules do not have high molecular symmetry and 

therefore, as in the case of Ti(acac)3, all 15 13C resonances and 9 1H resonances are expected to 

have distinct local environments and different NMR shifts. 

Both forms of V(acac)3 have a unique structural distortion that separates the three ligands 

into two groups. Detailed structural examination shows the presence of two ligands with 

common V-O bond lengths that differ from the third ligand. α-V(acac)3 has two ligands with one 

short V-O bonds of 1.970(4) Å as compared to the remaining bonds of 1.983(4) Å. In β-V(acac)3, 

one bond is elongated of to 2.001(6) Å compared to 1.981(6) Å for the remaining bonds. The two 

similar ligands are labeled 1 and 2, whereas the distinct ligand is labeled 3 in Tables 4.3 and 4.4.  

4.2.1 13C MAS NMR 

 Upon the addition of one more unpaired electrons to the t2g shell of the paramagnetic 

metal, the overall path of the electronic distribution does not change significantly. As a result, the 

13C NMR in Figure 4.12 for the two types of tris(2,4-pentanedionato)vanadium(III) (V(acac)3) 

shows the same relative ordering of functional groups on the frequency scale. Carbonyl has the 

highest frequency shift, followed by the methine and methyl groups with smaller values. This 

assignment is again confirmed by the 13C{1H} REDOR experiment in Figure 4.13. A cluster of 

carbonyl signals occurs at the highest frequency shift with no observed dephasing, Figure 4.13a, 

followed by a set of sharp methine signals with the largest dephasing, Figure 4.13b, and a group 

of overlapping methyl signals at negative frequency range, Figure 4.13c. The overall order of 
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appearances of functional groups is retained in the titanium and vanadium complexes, suggesting 

a similarity in spin-distribution mechanism.  

A clear distinction between the two forms of V(acac)3 can be seen from the pattern of 

carbonyl signals. Similarly to titanium, both forms of the vanadium complex show structural 

FIGURE 4.12: 13C Hahn-Echo MAS NMR spectra of a) α- V(acac)3 and b) β- V(acac)3. Horizontal 

bars indicate calculated chemical shift regions of functional groups. “^” indicates the impurity 

signal of VO(acac)2.  

 

a) b) c)

FIGURE 4.13: 13C{1H} REDOR MAS NMR of α- V(acac)3. The black spectrum was acquired 

without dipolar recoupling; the red spectrum was acquired with dipolar recoupling. 
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distortion from D3 symmetry, and as a result, 13C NMR shows a slight difference in Fermi shifts 

among the same functional groups, Figure 4.12.  

The calculated electron-spin density distribution in both forms of V(acac)3, Figure 4.14, 

does not differ significantly from that of Ti(acac)3, Figure 4.6. This is to be expected as the 

addition of another unpaired electron with t2g symmetry retains the overall symmetry of the 

molecular-orbital interactions and leads to a similar spin-density distribution. As a consequence, 

the Fermi spin-density at the oxygen remains negative for both complexes, Figures 4.6 and 4.14. 

The negative spin-density at the oxygen nucleus of V(acac)3 has been confirmed experimentally 

with 17O NMR studies by Kong et al. [126], who report a large negative shift in all 17O 

resonances. As that report does not specify which polymorph was used, I indicate the range of 

calculated Fermi coupling constants for all 17O sites between the two forms as ranging from 2 to 

5 MHz, according to our calculations. This would imply a Fermi shift in 17O NMR on the order 

of -600 to -2300 ppm, which includes the observed experimental shifts in the above publication. 

As the spin-distribution mechanism did not change between Ti(acac)3 and V(acac)3, the 

order of the 13C signals between different functional groups remains the same, Figures 4.5 and 

4.12. A subtle difference between contours in Ti(acac)3 and V(acac)3 can be observed at the 

methine position. The vanadium complex has a greater positive spin-density at that site as is 

apparent from the fewer contour lines of negative density, especially at the third ligand of β-

V(acac)3. This distinction can be attributed to an enhanced influence of the electron-

delocalization path that accounts for the positive spin-density at the methine carbon.  
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FIGURE 4.14: Spin-density isosurface and contour plots of the ligands of α-V(acac)3 and β-

V(acac)3. Ligand 1 is in the xy-plane, ligand 2 is in the yz-plane, and ligand 3 is in the xz-plane. 

 

The difference between spin-density distributions of individual ligands in either the α or β 

form of V(acac)3 is subtle, Figure 4.14, and is reflected in the observed 13C spectra, Figure 4.12. 
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carbon. Ligands 1 and 2 in both forms of V(acac)3 show a similar spin density at that position, 

which implies a similar Fermi-contact shift for methine groups with a distinct Fermi shift of the 

third ligand at a greater frequency. This distinction is used in further detailed assignment of the 

spectra. 

4.2.2 1H MAS NMR  

Despite similarities in 13C NMR between the two vanadium complexes in Figure 4.12, 

the 1H NMR in Figure 4.15 shows a significant variation between the two forms. The 1H 

assignments based on DFT calculations cannot be used unambiguously for either form of 

V(acac)3 due to a significant overestimation of the magnitudes of paramagnetic coupling. 

Nevertheless, the 1H NMR spectra of these complexes are unique and can be used as a sensitive 

fingerprint of the structure. In both spectra the presence of a small amount of impurity, 

VO(acac)2, is detected, which is a product of oxidation of V(acac)3 [60]. This product is 

analogous to the TiO(acac)2 seen previously in Figure 4.5. The difference in reactivity of the 

titanium and vanadium complexes in air is shown with the 1H spectra: the titanium complex 

shows a significant diamagnetic impurity after minimal exposure to air (see Materials and 

Methods for sample handling). Both vanadium complexes have been exposed to atmospheric 

conditions on the order of hours and show minor oxidation, on the order of 5% for the 

commercial (β-form) and 2% for the synthesized samples (α-form). 

The similarity in spin-density distribution pathways between both forms of vanadium and 

titanium complexes can be observed through the general direction of the 1H shift. Neither of 

these structures show proton signals that would result from negative spin-density; instead, all 

resonances have a significant shift to high frequency, Figures 4.9 and 4.15. The relative ordering 
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of 1H signals from different functional groups, however, varies between all complexes, which 

signifies the presence of the structural distinction that creates a unique spin-density distribution 

in each case.  

4.2.3 1H - 13C 2D CP MAS NMR 

The 13C NMR resonances in Figure 4.12 appear well-resolved due to favourable nuclear 

relaxation that gives narrow signals and Fermi coupling that spreads these signals further apart. 

The advantageous transverse relaxation [32] of carbon nuclei in these complexes makes them 

good candidates for a 2D 13C{1H} CP MAS NMR experiment, which correlates the observed 1H 

and 13C MAS NMR spectra and is used as a sensitive method for structural assignment. The 2D 

FIGURE 4.15: 1H Hahn-Echo MAS NMR of (a) α- V(acac)3 and (b) β- V(acac)3.  Proposed signal 

positions are listed according to the DFT calculation as used in Figure 4.10. “^”indicates the 

impurity signal of VO(acac)2
 (This complex is discussed in Chapter 7 of the thesis). 
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CP of V(acac)3 has previously been reported by Ishii et al with the MAS spin rate of 23 kHz on a 

9.39 T magnet [31]. Their spectra match our result for the α-V(acac)3 phase. Here I show that the 

2D - CP experiment can be done at a slower spinning rate, Figure 4.16, which allows a greater 

sample mass and less strict Hartmann-Hahn match condition (the detailed mechanism of this 

pulse sequence is outlined in Materials and Methods section). The 2D CP experiment on α -

V(acac)3, Figure 4.16a, not only clearly assigns the methine carbon resonances to the specific 

hydrogen signals, but manages to clearly resolve all six methyl signals. The β -V(acac)3 at a 

lower magnetic field of 9.39 T did not show the desired signal resolution in the direct dimension, 

Figure 4.16. The spectrum suffered from the incomplete Hartmann-Hahn match condition, which 

could not be optimized for one of the methine carbon groups, as is evident by a weak cross peak 

on Figure 4.16b. A higher magnetic field together with faster MAS rate did not improve the 

match condition for the second methine group. However, both spectra contributed to a desirable 

level of resolution for the direct dimension and enabled a clear distinction of most methyl 

resonances, Figure 4.17.  

FIGURE 4.16: 1H – 13C 2D CP MAS NMR of (a) α- V(acac)3 and (b) β- V(acac)3 at 9.39 T field 

and MAS of 14 kHz. Asterisks represent MAS spinning sidebands. 
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These correlation experiments provide assignments for 1H resonances as the quality of 

the computational predictions is insufficient for a detailed assignment of all resolved resonances. 

4.2.4 Crystallographic assignment with NMR 

A detailed NMR signal assignment of crystallographic sites in both V(acac)3 forms is 

proposed on the basis of the qualitative distribution of predicted resonances together with the 

relative intensity fitting and 1H – 13C 2D – CP experiments, Tables 4.3 and 4.4. A detailed 

assignment of the carbonyl signal in both forms of the vanadium complex is ambiguous due to 

the low accuracy of the calculation, Figure 4.10. The proposed assignment patterns in Tables 4.3 

and 4.4 are plausible, but not conclusive.  

The magnetic properties of V(acac)3
 have been studied since 1967 when Machin [127] 

reported a series of susceptibility measurements at various temperatures. The effective magnetic 

moment at 31°C is 2.87 μB, which is close to the spin-only value of 2.83 μB. The spin-only value 

implies that the electron g-value is identical to that of the free unpaired electron. This is slightly 

greater than that determined from the EPR study of Krystek et al [128] for a solid sample at 5 K, 

which was found to have giso of 1.86. Unfortunately, the crystal structure of their sample was not  

FIGURE 4.17: 1H – 13C 2D - CP of β- V(acac)3 at 11.74 T field with MAS of 28 kHz. 
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Group 

[ligand] 

13C 1H 

Acalc (MHz) 

{Aexp} 

δcalc
d)

 

{δexp} 

Acalc (MHz) 

{Aexp
e)} 

δcalc 

{δexp
b), c)} 

CO [1] 
3.70, 3.53 

{3.2(2)} 

1135, 1093 

{1001(8)} 
 

CO [2] 
3.22, 2.89 

{3.1(2)} 

1012, 929 

{970(8)} 
 

CO [3] 
2.46 

{2.9(2)} 

820 

{935(8)} 
 

CO [3] 
1.56 

{2.6(2)} 

589 

{875(7)} 
 

CH [3] -0.33 

{0.06(2)} 

16 

{119.0(5)} 

-0.21 

{0.46(5)} 

-8 

{34} 

CH [2] 

CH [1] 

-0.15 

{-0.14(2)} 

-0.08 

{-0.14(2)} 

64 

{69.5(5)} 

80 

{67.0(5)} 

0.52 

{0.40(4)} 

0.94 

{0.58(6)} 

33 

{27} 

 66 

{43} 

CH3 [3] 
-0.85 

{-0.81(5)} 

-189 

{-180(2)} 

(0.85, -0.23, 0.57) 

{1.39, -0.38, 0.94} 

27 

{43} 

CH3 [2] 

CH3 [1] 

-0.90 

-0.91 

-0.93 

{-0.85(5)} 

-202 

-205 

-211 

{-190(2)} 

(0.21, 0.77, 1.62) 

{0.16, 0.57, 1.22} 

(0.75, 0.33, 2.13) 

{0.35, 0.15, 0.98} 

(1.05, 1.65, -0.01) 

{0.92, 1.46, -0.008} 

58 

{44} 

71 

{34} 

60 

{53} 

CH3 [2] 
-0.95 

{-0.87(5)} 

-215 

{-195(2)} 

(1.28, -0.06, 0.81) 

{1.25, -0.06, 0.79} 

45 

{44} 

CH3 [3] 
-0.95 

{-0.89(5)} 

-215 

{-201(2)} 

(-0.01, 0.86, 0.71) 

{-0.02, 1.09, 0.94} 

35 

{44} 

 

a) Occupancies at the metal t2g orbitals: dxy
0.66, dxz

0.46, dyz
0.65 

b) Experimental error is ±1 ppm due to temperature variations 

c) Signal assignments are based on 1H – 13C 2D - CP NMR in Figure 4.16a 

d) Shifts were calculated according to equation 2.18. 

e) Couplings from individual hydrogens from the same methyl group are scaled to match the 

average experimental shift. 

TABLE 4.3: 13C and 1H NMR of α - V(acac)3 and DFT calculation.a) Calculated and 

experimental shifts are in ppm at a sample temperature of 55 ˚C. 1H and 13C shifts from the same 

functional groups are indicated and appear in the order as listed.  
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a) Occupancies at the metal t2g orbitals: dxy
0.81, dxz

0.34, dyz
0.61 

b) Experimental error is ±1 ppm due to temperature variations 

c) Signal assignments are based on 1H – 13C 2D - CP NMR in Figures 4.16b and 4.17 

d) Shifts were calculated according to equation 2.18. 

e) Couplings from individual hydrogens from the same methyl group are scaled to match the 

average experimental shift. 

 

 

TABLE 4.4: 13C and 1H NMR of β - V(acac)3 and DFT calculation.a) Calculated and 

experimental shifts are in ppm at a sample temperature of 55 ˚C. 1H and 13C shifts from the same 

functional groups are indicated and appear in the order as listed. 

 

 

Group 

[ligand] 

13C 1H 

Acalc (MHz) 

{Aexp} 

δcalc
d)

 

{δexp} 

Acalc (MHz) 

{Aexp
e)} 

δcalc 

{δexp
b), c)} 

CO [1] 
4.16 

{3.3(2)} 

1253 

{1022} 

 

CO [1] 
3.70 

{3.1(2)} 

1135 

{995} 

CO [2] 
3.33 

{3.0(2)} 

1041 

{959} 

CO [2] 
2.84 

{2.9(2)} 

915 

{922} 

CO [3] 2.07, 2.03 

{2.8(2)} 

719, 710 

{906} 

CH [3] -0.01 

{0.050(4)} 

97 

{114} 

-0.11 

{0.42(4)} 

-1 

{32} 

CH [2] 

CH [1] 

-0.28 

{-0.15(1)} 

-0.42 

{-0.16(1)} 

29 

{63.5} 

-5 

{60} 

0.65 

{0.46(4)} 

0.82 

{0.63(4)} 

47 

{35} 

68 

{46} 

CH3 [3] 
-0.84 

{-0.82(6)} 

-186 

{-180} 

(-0.06, 0.77, 0.23) 

{-0.11, 1.39, 0.41} 

22 

{38} 

CH3 [3] 
-0.85 

{-0.84(6)} 

-190 

{-187} 

(0.65, -0.19, 0.37) 

{1.21, -0.36, 0.69} 

20 

{35} 

CH3 [2] 
-0.88, -0.96 

{-0.86(6)} 

-196, -217 

{-189} 

(1.08, -0.06, 1.75) 

{0.81, -0.04, 1.30} 

(1.76, 0.42, 0.30) 

{1.20, 0.29, 0.21} 

61 

{46} 

55 

{38} 

CH3 [1] 
-0.97 

{-0.86(6)} 

-220 

{-192} 

(1.78, -0.06, 1.37) 

{1.24, -0.04, 0.95} 

68 

{48} 

CH3 [1] 
-1.04 

{-0.88(6)} 

-238 

{-198} 

(1.72, -0.13, 1.33) 

{1.26, -0.10, 0.98} 

64 

{48} 
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determined, and the authors assumed that they had both α and β forms of the complex present in 

their samples. As in the case of Ti(acac)3, there will be no consideration of a spin-orbit coupling 

contribution to the electron moment, and a free electron g-value will be used to evaluate the 

Fermi shifts in Tables 4.3 and 4.4.  

The methine group is bound to both carbonyl groups, and thus its hyperfine coupling is 

most affected by their electronic environments. The spin densities observed at the methine 

carbons reflect the effects of spin delocalization and polarization in these bonds. Individual 

methine resonances can be assigned on a structural basis with the knowledge of relative 

magnitudes of Fermi couplings within carbonyl carbons, Table 4.3 and 4.4. In both polymorphs, 

the methine signal splits into two regions with a 1:2 intensity ratio, which mimics the separation 

of the carbonyl groups. The order of the resonance shifts of the methine groups is reversed with 

respect to the bound carbonyl groups of the α - V(acac)3, Table 4.3. The shift of methine groups 

to negative frequency signifies an excess of negative spin-density. The source of this spin is the 

polarization of the carbonyl - methine bond, as previously described in the spin-density contour-

plot of the Ti(acac)3 complex, Figure 4.7b. Therefore, polarization is the dominant mechanism, 

which determines the direction of the methine shift and provides a structural link between the 

methine and carbonyl groups in α - V(acac)3. This assignment is consistent with our previous 

distinction between methine groups based on spin-density contour-plots, Figure 4.14. The 

computed Fermi coupling constant at the methine carbon of the 3rd ligand does not agree with 

either the established experimental signal assignment, Table 4.3, or the spin-density contour-

map, Figure 4.14, as it is predicted to have a greater spin-density compared to ligands 1 and 2.  

The carbonyl groups of β - V(acac)3 are also assigned with the third ligand having the lowest-

Fermi coupling constants according to the computed model, Table 4.4. By analogy with α - 
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V(acac)3, the distribution of methine signals mimics the assignments of carbonyl groups in 

reverse order, indicating that the polarization mechanism is preferred at the methine site. Unlike 

α - V(acac)3, the computed Fermi coupling for the methine on ligand 3 of β - V(acac)3 has the 

expected sign and magnitude relative to ligands 1 and 2 as visualized from the contour plots. 

V(acac)3 can have multiple crystal structures that depend on the method of sample 

preparation and crystallization [29].  As some of the reported structures contain sites with partial 

disorder, 13C NMR can be used to discriminate between those structures. The partial occupancy 

in the absence of motion would appear as the presence of additional carbon resonances at 

stoichiometric intensities. As these signals are not observed in our sample, Figure 4.10, we can 

conclude that our samples do not contain partially disordered sites.  

4.3 Tris(2,4-pentanedionato)chromium(III), d3 

A chromium ion in its 3+ oxidation state in an octahedral field of local oxygen 

coordination has three unpaired electrons that occupy the three low-lying d-orbitals, dxy, dxz and 

dyz. The complex crystallizes in the P21/c space group near room temperature. Despite the 

absence of conditions for the Jahn-Teller distortion, all atoms are in unique crystallographic 

sites. The distortion between chemically equivalent groups is minor, with all Cr-O bond lengths 

within the range of 1.95 – 1.97 Å, thus the distortion is attributed to weak intermolecular effects 

in the solid state. As all sites are crystallographically unique in the molecule of Cr(acac)3, a total 

of 15 13C and 9 1H resonances are expected to be observed, as in the previously described 

titanium and vanadium complexes.  

There is another crystal structure of Cr(acac)3 at 110 K, which has the same space group 

as the structure at room temperature. However, the low temperature form has a large unit-cell 
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that contains 6 unique molecules of Cr(acac)3. If solid-state NMR experiments were to be done 

on Cr(acac)3 at 110 K, the 13C spectrum should have 90 resonances and the 1H should have 54 

resonances. The effect of the structural variation with temperature has been previously analyzed 

in Section 4.1.6 for Ti(acac)3. 

4.3.1 13C MAS NMR  

In contrast to previous paramagnetic complexes, the 13C signal from Cr(acac)3 appears 

broad and featureless, with characteristic Fermi shifts that place resonances far outside the 

diamagnetic region, Figure 4.18. The assignment of functional groups remains consistent with 

that in the previously discussed titanium and vanadium acac complexes, as only t2g orbitals are 

singly occupied. The calculations predict the same assignment regions and places the carbonyl 

signal around 1300 ppm, which is experimentally unobserved (see Figure 4.18).  

Figure 4.19 shows the spin-density distribution in the ligand. In comparison with the 

previous metal complexes that had fewer unpaired electrons, the distribution remains identical 

for the carbonyl and methyl groups. The spin distribution at the methine carbon experiences a 

significant effect of spin-density delocalization, seen in Figure 4.19 as the blue contour 

surrounding the carbon nucleus. This is consistent with our previous observations of increasing 

influence of delocalization with greater t2g occupancy of unpaired spins, as per the titanium and 

vanadium complexes. 
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FIGURE 4.19: Spin-density a) isosurface and b) contour-plot of one of the ligands of Cr(acac)3.  

FIGURE 4.18: 13C Hahn-Echo MAS NMR of Cr(acac)3. Assignment of functional groups is based 

on the DFT calculation, Table 4.5. Asterisks indicate the spinning sidebands of MAS. 
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4.3.2 1H MAS NMR  

Despite the strong overlap of the signal from functional groups in the 1H NMR spectra of 

Cr(acac)3, the general shift of the resonances remains to higher frequency, which indicates net 

positive spin-density at the hydrogen nuclei. This is consistent with the titanium and vanadium 

FIGURE 4.20: 1H Hahn-Echo MAS NMR of Cr(acac)3. Proposed signal positions are listed 

according to DFT calculation as used in Figure 4.18. Signals from methyl groups are averaged to 

simulate fast rotation. Asterisk indicate the artifacts of MAS. “^” indicates the signal from the 

rotor material. 
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complexes, and together with the assignment of the 13C resonances, suggests a fundamental 

similarity in spin-density distributions among these complexes with occupied t2g orbitals in a 

near-octahedral field. Computational predictions of 1H shifts in Figure 4.20 suggest that all 

methyl groups should occur in a narrow shift region and that the methine is shifted to higher 

frequency from the diamagnetic position. Both assignments confirm the general position of the 

observed featureless resonances. Signal assignments for both 13C and 1H spectra are presented in 

Table 4.4. 

 4.3.3 Summary of computational assignment  

The magnetic moment required for the calculation of the Fermi shift from the coupling 

constant according to equation 2.18, was estimated from EPR experiments [129]. EPR studies of 

this complex at low temperatures reveal only a small variation in the g-tensor components, 

between 1.985 and 1.997, which is not significantly different from the free-electron value. 

Hence, the free-electron g-value will be used to calculate the Fermi shift from the computed 

coupling constants in Table 4.5.  

Table 4.5 provides a summary of the computed shifts for each of the functional groups in 

Cr(acac)3. As all atomic positions are unique, each nucleus has a separate Fermi coupling-

constant. However, the variation in Fermi couplings among the same functional groups is not 

significant but still provides the correct order of resonance assignments. The low variation in 

Fermi couplings is insufficient to provide site-specific resolution in either 1H and 13C NMR 

spectra, Figures 4.18 and 4.20, due to unfavorable nuclear transverse relaxation. 
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4.4 Effect of t2g orbitals on spin density in M(acac)3 (M = Ti, V, Cr)  

Figure 4.21 shows the relation between the calculated spin density of the in-plane t2g 

orbital and the spin density at the 13C nucleus that has been converted from the measured Fermi- 

coupling constant via equation 2.22 for all these M(acac)3 complexes. An increase in spin 

population of the t2g orbital leads to a rise of positive spin-density at the carbonyl nucleus. This is 

to be expected according to our previous interpretations of the spin-distribution mechanisms, 

where the spin density at the carbonyl is largely composed of the delocalization from the metal-

oxygen π*interaction (see Section 4.1). The nuclear-spin density at the methine carbon originates 

a) Occupancies at the metal t2g orbitals: dxy
0.89, dxz

0.89, dyz
0.8 

b) Shifts were calculated according to equation 2.18. 

c) Couplings from individual hydrogens from the same methyl group are scaled to match the 

average experimental shift. 

 

Group 

13C 1H 

Acalc (MHz) 

{Aexp} 
 

δcalc
b)

 

{δexp} 

Acalc (MHz) 

{Aexp
c)} 

δcalc 

{δexp} 

 

CO 

2.1, 2.2, 2.3, 

2.3, 2.3, 2.5 

{not observed} 

1196, 1253, 

1282, 1300, 

1309, 1408 

{not observed} 

 

CH 

0.015, 0.03 

0.11 

{0.41(1)} 

108, 117, 154 

{300(5)} 
0.17 – 0.22 25 - 32 

CH3
 

-0.95, -0.96, 

-0.97, -1.01, 

-1.03, -1.05 

{-0.91(2)} 

-427, -433, 

-438, -457, 

-467, -475 

{-410(5)} 

(-0.27 … 0.88) 

{-0.22 … 0.70} 

48 – 52 

{38(1)} 

 

TABLE 4.5: 13C and 1H NMR of Cr(acac)3 and DFT calculation.a) Calculated and experimental 

shifts are in ppm at a sample temperature of 55 ˚C. 1H and 13C shifts from the same functional 

groups are indicated and appear in the order as listed. 
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at negative values when the t2g occupancy is low. This signifies the dominance of the 

polarization mechanism from the carbonyl group. In fact, both methyl and methine groups 

experience nearly identical degrees of polarization at those conditions, Figure 4.21. Upon 

increase of the t2g population, we can observe a clear distinction in trends between the two 

functional groups. The methine group shows a larger degree of delocalization, whereas the 

methyl group remains dominated by the polarization. This difference stems from the relative 

ordering of high-energy antibonding orbitals of sp2 and sp3 carbon species. Delocalization 

between the sp2 carbonyl and sp2 methine is expected to be more energetically favorable than 

among the sp2 carbonyl and sp3 methyl groups. 

FIGURE 4.21: Relation between spin density in the t2g orbital in the ligand plane and 

experimental spin density at the carbon nuclei of the ligand for M(acac)3 (M = Ti, V, Cr). 

Squares denote the carbonyl group, circles denote the methine group, and triangles denote the 

methyl group.  
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4.5 Nuclear transverse relaxation in M(acac)3 (M = Ti, V, Cr) 

Between the three tris(acetylacetonato)metal(III) complexes we have seen so far, there 

has been significant variation in signal widths in both 13C and 1H spectra across the series. The 

width of the isotropic NMR signal is affected by the nuclear transverse relaxation, see equation 

2.6. General formulations for paramagnetic contributions to the nuclear transverse relaxation are 

in equations 2.26 and 2.30, where both interactions are scaled by the same quantity, the electron-

relaxation time, Te. The electron-relaxation time is unique for the entire molecule and therefore it 

scales the NMR resonance widths of all nuclei. Electron-relaxation mechanisms were outlined in 

Section 2.5.3. The systematic variation between the three ligands in the molecules discussed in 

this section is the degree of occupancy of the unpaired electrons in the low-lying t2g state, which 

gives different electronic relaxations across the series. The electron-relaxation time is 

significantly reduced in the presence of thermally accessible low-lying excited states [96], hence 

most EPR measurements are done at low temperatures. Both titanium and vanadium electronic 

configurations can have three distinct microstates. For example, in Ti3+, the unpaired electron 

can occupy either one of the dxy, dxz and dyz orbitals, which signifies the three electronic states. A 

calculation provides a superposition of these microstates with the account of probabilities of 

electron occupancies. The electronic relaxation time is reduced with variation in its environment; 

thus, the presence of accessible spin states reduces the electronic-relaxation time. The spin state 

of Cr3+ forbids fast electronic relaxation as its configuration in an octahedral field confines the 

electron environment to a single microstate in which all dxy, dxz and dyz orbitals are singly 

occupied. As a result, the electronic relaxation in Cr3+ is long, estimated by low-field EPR to be 

on the order of nanoseconds at 123 K in Cr(acac)3 [129]. The long electronic relaxation leads to 

broad NMR resonances in the solid state for both 13C (Figure 4.18) and 1H (Figure 4.20) spectra.  
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4.6 Conclusion 

This series of transition-metal acacs demonstrates the relation between the occupancy of 

the metal orbital and the observed NMR signals. This relation has a deep connection to the 

underlying molecular-orbital interactions that produce a specific distribution of unpaired electron 

spin-density. This distribution enhances the overall signal span and can lead to enhancement in 

resolution along with a drastic increase in effective signal sensitivity. These systems show an 

intuitive pathway for an unambiguous signal-assignment process in paramagnetic NMR, which 

can be extended to other, more complicated cases.  
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Chapter 5: Exploring Jahn-Teller effects 

in tris(2,4-pentanedionato)manganese(III) 

with solid state NMR 

Mn(acac)3 has been investigated for decades, but only recently has there been a comprehensive 

account of variations in packing symmetry and molecular distortion [29]. In this complex, 

manganese contains four unpaired electrons in its 3+ oxidation state. The pseudo-octahedral 

coordination of oxygen atoms surrounding the metal is perturbed by the strong influence of a 

Jahn-Teller distortion that minimizes the total energy through the loss of electronic degeneracy. 

The structure can undergo a variety of distortions between extreme elongation and compression 

and includes intermediate forms that are stabilized in different crystal-packing symmetries 

through favorable intermolecular interactions [29, 64]. Figure 1.6 illustrates Mn(acac)3 with 

outlined metal-oxygen bonds that undergo the characteristic Jahn-Teller elongation/contraction. 

The most recent comprehensive account of various Mn(acac)3 structures includes five different 

crystal structures: α-, β-, 𝛾-, δ- and ε- Mn(acac)3 [29]. The detailed structural description of these 

polymorphs is in Section 1.3.4. In all reported crystal structures of Mn(acac)3, the difference in 

metal-oxygen bond-lengths is more pronounced than in Ti(acac)3 and V(acac)3, therefore there 

should be a significant variation in the Fermi coupling between the ligands with similar Mn-O 

bond lengths vs the ligands with different bond lengths. The high magnetic moment of Mn3+ with 

S = 2 provides additional sensitivity to the resonance shift from the Fermi coupling according to 

equation 2.18. The greater magnetic moment increases the overall signal anisotropy through 



Exploring JT-effects in tris(2,4-pentanedionato)manganese(III) with solid-state NMR  

117 
 

electron-nuclear dipolar coupling, and fast MAS is even more crucial for the enhancement of 

resolution and signal sensitivity than for d1 - d3 systems [32].  

5.1 13C MAS NMR  

The purchased sample was identified by powder x-ray diffraction as γ - Mn(acac)3 phase. 

The molecule of the γ - Mn(acac)3 crystal has an elongation along the two axial Mn-O bonds that 

produces two types of acetylacetonate ligands, Figure 1.6. Two out of three ligands have a single 

elongated oxygen-metal bond of 2.11 Å along the z-axis, while the third ligand is in the plane 

perpendicular to the axis of elongation and has short metal-oxygen bonds of 1.93 Å. The 13C 

MAS NMR spectrum is presented in Figure 5.1, showing the extent of the observable signal and 

sensitivity of the resonance shift to the local environment via the contribution of the Fermi 

coupling. The overall signal breadth and the isotropic-shift distribution are too large to be 

uniformly excited by the hard pulses of the Hahn-Echo sequence. Multiple experiments were 

collected with various transmitter offsets to excite the full spectrum, Figure 5.1a, b and c. 

Simultaneous excitation of a broad spectral range under fast MAS was achieved with an 

adiabatic double-echo pulse sequence, Figure 5.1d.[34] This image illustrates the scale of the 

paramagnetic coupling, which produces 13C NMR resonances over a range spanning nearly 2000 

ppm. This is approximately a factor of 10 increase with respect to the diamagnetic shift range of 

0-200 ppm.  
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The variation in temperature results in a change of the Fermi shift according to equation 

2.18, where high temperature lowers the magnitude of the shift and brings it closer to the 

diamagnetic limit. This general pattern is shown in Figure 5.2, where both blue and red lines are 

directed toward the diamagnetic region of 0 to 200 ppm with increasing temperature. This 

dependence highlights yet another advantage of paramagnetic NMR, which is the ability to finely 

FIGURE 5.1: 13C Hahn-Echo MAS NMR spectra of commercial Mn(acac)3. Transmitter 

frequency at a) -1000 ppm, b) 100 ppm, c) 1000 ppm; d) 13C Adiabatic Double-Echo MAS 

NMR of commercial Mn(acac)3 with transmitter frequency at 1000 ppm. Asterisks indicate 

spinning sidebands, “^” indicates an impurity signal (see below). 
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control the resonance shift. As can be seen from Figure 5.2, the temperature change of only 20 K 

provides enough evidence to conclude that the intense signal at ~760 ppm is composed of 

multiple resonances with different Fermi-coupling constants. In the absence of the pseudocontact 

shift, overlapping signals with different Fermi shifts must also have different diamagnetic shifts. 

Thus this signal overlap is likely to occur between different functional groups. The small 

variation in temperature far from any phase transition is not expected to cause significant 

changes to the crystal structure, therefore Fermi couplings are expected to remain constant. 

Differences in Fermi couplings between distinct molecular sites are used to separate resonances, 

enhance spectral resolution, and provide structural assignments on the basis of the spin-density 

distribution model or experimental methods [32]. 
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FIGURE 5.2: Variable temperature 13C adiabatic double-echo MAS NMR of γ - Mn(acac)3 at a) 

65˚C, b) 55˚C and c) 45˚C. The red lines indicate isotropic signals with negative Fermi shifts, the 

blue lines indicate signals with positive shifts. Asterisks indicate spinning sidebands of MAS. 
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5.2 13C{1H} REDOR 

The signal assignment of the three functional groups is done with 13C{1H} REDOR. The 

strong signal overlap, large range of isotropic shifts and the significant signal anisotropy 

combined require the use of various transmitter offsets, MAS rates and temperatures (Figure 

5.3). The shift of the transmitter offset was done to excite specific regions of the spectrum for 

detailed assignment with REDOR. Sharp resonances under 500 ppm undergo dephasing upon the 

introduction of 1H recoupling. These can be identified as methine and methyl groups. The results 

of the assignment are indicated on Figure 5.3 and correlate well with those obtained by Ishii et al 

[32, 33]. Their experimental spectra were influenced by the selective signal enhancement of 

13C{1H} INEPT experiments, which together with the slow MAS rate were not able to show 

resonances beyond 500 ppm.  

Resonances below 500 ppm appear as well-resolved signals that do not undergo any 

additional splitting at variable temperature, Figure 5.3, which suggests an absence of an 

overlapping signal from different functional groups. Above 500 ppm there are regions of signal 

overlap at specific temperatures and MAS rates. Variable temperature and variable spinning help 

resolve and identify overlapped signals, Figure 5.3. The composite peak at ~760 ppm undergoes 

only partial dephasing upon REDOR recoupling, which suggests strong signal overlap from 

different functional groups. As additional evidence of the overlap from different functional 

groups, this signal becomes more resolved at higher temperature, as was discussed above. 

Further details about this signal require analysis of the spin-density distribution.  
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The methyl group has a large negative shift, Figure 5.3a, which can only be caused by a 

dominant polarization mechanism induced at the carbonyl group. The methine group has a 

positive Fermi-shift, as it is strongly affected by the delocalization from the carbonyl group due 

to their equivalent hybridization. Carbonyl groups occur at even greater resonance shifts as they 

FIGURE 5.3: 13C {1H} REDOR NMR spectra at a) 50 kHz MAS, 100 ppm offset and 55°C 

sample temperature; b) 55 kHz MAS, 1000 ppm offset and 55°C sample temperature; c) 60 

kHz MAS, 1000 ppm offset and 68°C sample temperature. Green spectra are acquired with 1H 

recoupling pulse, black spectra are acquired without the 1H recoupling. Asterisks indicate 

artifacts of MAS. 
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experience the greatest effect of the delocalization through the metal-oxygen orbital interaction. 

This indicates the dominance of the electron-spin distribution mechanism that is common to d1-

d3 series of acetylacetonate complexes. This observation is anticipated as three of the four 

unpaired electrons are known to occupy the dxy, dxz and dyz orbitals, whereas only a single 

electron occupies either one of the dz2 or dx2-y2 orbitals in Mn(acac)3. However, that additional 

electron in the higher-energy orbital is responsible for the distinct structural distortion and is 

expected to cause additional pathways of electron-density distribution in the acetylacetonate 

ligand in Mn(acac)3.  

5.3 Spin-density maps 

Jahn-Teller distortion of the octahedral field in the presence of four unpaired d-electrons 

is clearly visible from the calculated electron-spin-density contour-plot in Figure 5.4. The model 

structure is γ-Mn(acac)3, which has a Jahn-Teller elongation, therefore the dz2 orbital is expected 

to be occupied instead of the dx2-y2. This distortion is visible in the spin-density contour-maps 

within the axial ligands, Figures 5.4b and c, while it is absent from the equatorial ligand, Figure 

5.4a.  

The spin density of the equatorial ligand retains local C2 symmetry which passes through 

the methine group. This symmetry leads to three distinct paramagnetic shifts of 13C resonances, 

one for each functional group as depicted in Figure 5.4a. Axial ligands experience the distortion 

and symmetry-breaking of the spin-density distribution. This loss of symmetry leads to the 

prediction that each of the five carbon resonances in the axial ligands must have distinct Fermi 

shifts. Notably, the shifts of methyl groups in these ligands are expected to appear in both 

negative and positive ranges, depending on their proximity to the z-axis of the distortion, Figure  
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FIGURE 5.4: Detailed crystallographic assignment of 13C NMR of γ-Mn(acac)3 with equatorial 

elongation (req) as illustrated in the reference diagram (top right). Contour plots (middle) and 

calculated resonance shifts (left, black bars) are presented for each of the three ligands in the 

reference-axis system, where a) is the xy-plane ligand, b) is the xz-plane ligand and c) is the yz-

plane ligand. Red contours signify regions of negative spin density, blue contours signify regions 

of positive spin density. 
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5.4b and c. This difference in Fermi shifts stems from the nature of the MO interactions of the dz2 

orbital with the oxygen atoms. According to Table 5.1, this orbital has a stronger overlap with 

axial ligands than with equatorial ligands. This asymmetric interaction is the cause of the 

distorted spin-density in elongated ligands and additional positive-spin density at the methyl 

groups. The two distorted ligands in Figure 5.4b and c possess similar Fermi shifts, which reflect 

their comparable chemical environments.  

The magnetic moment in Mn(acac)3 has been approximated as spin-only with a free-

electron g-value. EPR studies of Mn(acac)3 have been done exclusively at 20 K and give broad 

resonances with giso of 1.99, which is near the free-electron g-value [65]. The assignment of the 

experimental spectrum with computational data is given in Table 5.2. Signal identification of 

functional groups agrees approximately with the assignments based on 13C{1H} REDOR spectra 

Figure 5.3. Table 5.2 provides information on the magnetic environments of distorted ligands. 

Signals from CH3[4] and CH3[5] groups are in the equatorial plane and both are predicted to 

have a negative shift. Carbonyl groups, CO[4] and CO[5], that are directly attached to these 

methyls are also magnetically inequivalent and possess a slight difference in their Fermi 

couplings. However, methine groups of the two axial ligands, CH[34] and CH[56], are observed  

 

 

 

Metal d-orbital Metal - Ligand orbitals 

dx2-y2 1/2 (σ1 + σ2 – σ4– σ5) 

dz2 √2/6 (2σ3 +2σ6 – σ1 – σ2 – σ4 – σ5) 

 

TABLE 5.1. Selected molecular-orbital symmetries in Oh field. 
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TABLE 5.2: 13C and 1H NMR of γ-Mn(acac)3 and DFT calculation. Calculated and 

experimental shifts are in ppm at a sample temperature of 55 ˚C. 1H and 13C shifts from the 

same functional groups are indicated and appear in the order as listed. 

Group 

13C 1H 

Acalc (MHz) 

{Aexp} 

δcalc
a)

 

{δexp} 

Acalc (MHz) 

{Aexp
b)} 

δcalc 

{δexp} 

CO[5] 
1.99 

{1.61(3)} 

1703 

{1423} 
  

 
1.94 

{1.49(3)} 

1639 

{1334} 
  

CO[1] 

CO[2] 

1.51 

1.50 

{1.36(3)} 

1344 

1335 

{1234} 

  

CH3[3] 

CH3[6] 

1.48 

1.35 

{0.91(2)} 

1154 

1059 

{720} 

(0.16, 0.076, 0.041) 

{0.28, 0.13, 0.072} 

(0.071, 0.270, 0.044) 

{0.09, 0.34, 0.06} 

19.3 

26.5 

{32.8} 

 

CO[6] 

CO[3] 

 

0.81 

0.80 

{0.74(2)} 

806 

801 

743 

{758} 

 

 

 
 

CH[12] 
0.84 

{0.86(2)} 

0.212 

{0.22(1)} 

45.2 

{48.3} 

CH[34] 

CH[56] 

0.11 

0.08 

{0.31(1)} 

183 

162 

{340} 

-0.004 

{0.040(2)} 

-0.011 

{0.016(2)} 

3.6 

{12.5} 

2.5 

{8.4} 

CH3[4] 
-0.33 

{-0.07(1)} 

-224 

{-26.8} 

(0.118, -0.355, 0.128) 

{-0.004, -0.005, 0.014} 

-5.1 

{2.2} 

CH3[5] 
-0.50 

{-0.16(1)} 

-352 

{-93.9} 

(0.096, 0.116, -0.321) 

{-0.004, -0.005, 0.014} 

-5.1 

{2.2} 

CH3[2] 
-1.09 

{-0.61(2)} 

-803 

{-439} 

(0.245, 0.566, -0.033) 

{0.15, 0.35, -0.021} 

51.5 

{32.8} 

CH3[1] 
-1.10 

{-0.63(2)} 

-810 

{-454} 

(0.540, -0.103, 0.302) 

{0.35, -0.067, -0.20} 

49.1 

{32.8} 

 
a) Shifts were calculated according to equation 2.18. 

b) Couplings from individual hydrogens from the same methyl group are scaled to match the 

average experimental shift. 
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as a single resonance, whereas the prediction states that these should be separate signals 

according to the fixed molecular structure model. As these methine groups are not equivalent in 

the unit cell, their single magnetic resonance suggests a presence of a vibrational motion by 

which these two sites give indistinguishable resonances. Unfortunately, other carbonyl (CO[3] 

and CO[6]) and methyl (CH3[3] and CH3[6]) groups have Fermi coupling magnitudes that cause 

their resonances to overlap at our experimental conditions, Table 5.2. This coincidental overlap 

is caused by an unfortunate combination of different diamagnetic positions of these functional 

groups with the compensating difference of their Fermi shifts at a particular temperature. This 

“on-resonance” condition can be regulated by temperature variation, Figure 5.2. 

With the knowledge of the expected shifts of the functional groups through spin-density 

maps, conclusions may be drawn that the overlapped signal in Figure 5.2 is composed of 

carbonyl (CO[3] and CO[6]) and methyl (CH3[3] and CH3[6]) groups of the two distorted 

ligands, and the methine group, CH[12], of the undistorted ligand, Figure 5.4. Higher sample 

temperature could further increase the resolution; however, the instrumentation is limited to 

70˚C. A Hahn-Echo experiment at the sample temperature of 45˚C, Figure 5.2c, indicates that the 

carbonyl and methyl groups are nearly degenerate between the two distorted ligands. Both 

groups form a single sharp resonance at ~760 ppm with no sign of site-specific separation. In 

other words, there is a single temperature where resonances with different hyperfine couplings 

and different diamagnetic origins can produce a single featureless peak. 13C NMR suggests that 

distorted ligands, with JT-elongated Mn-O bonds, undergo asymmetric vibrational motion where 

the ligand structure is relatively immobile near the xy-plane, but undergoes greater vibrational 

motion of functional groups the further they are from the xy-plane. This demonstrates the 

potential of solid-state NMR to evaluate local structural dynamics in bulk solid material. 
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5.4 1H NMR as a phase indicator  

Figure 5.5 shows the 1H NMR spectrum of γ-Mn(acac)3 at the fast spinning-rate of 60 

kHz. This spinning rate enables the observation of an additional resonance at 50 ppm that was 

not resolved in earlier works of Ishii that used slower MAS [32]. This resonance is attributed to 

the methine group in accord with computational predictions and relative signal intensities, Table 

5.2. Signal fits and assignments for the 1H NMR spectrum are presented in Figure 5.6. 

Parameters of the fit are outlined in Table 5.3. The signal assignment based on computational 

modeling, Table 5.2, agrees with the stoichiometric intensities of the fit in Figure 5.6 as well as 

the 2D INEPT experiments of Ishii et al. [32] Three distinct regions of methyl functional groups 

mimic the inequality in spin-density distribution at the 13C sites. Methyl groups with 13C nuclei 

with negative spin-density occur in the xy-plane of the molecule. Spin densities at these methyls 

are dominated by similar molecular orbital interactions as the d1-d3 metal complexes discussed in 

Chapter 4. The ligand that mimics the d1-d3 complexes the most is in the xy-plane of Mn(acac)3. 

This similarity in spin-density distribution can be seen through the order of the 13C assignments, 

as well as the net positive Fermi shift of the 1H signal. Signals from the CH groups are indicative 

of the inequivalence between the xy-ligand and the two z-elongated ligands, as there is a 

characteristic separation in resonances, Figure 5.6. This scenario mimics the resonance 

distribution in the Ti3+ complex, where there is a clear separation between the two types of 

ligands in the 13C and 1H spectra (Chapter 4).  
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The strong signal sensitivity of the 1H peaks finds applicability in paramagnetic NMR for 

the detection of impurities (Figure 5.5). This impurity signal in the 10-25 ppm range was 

previously detected by Ishii’s group, but was attributed to a methine signal in their 2008 

publication [33], where their spectrum in Figure 1d closely resembles our result in Figure 5.5. 

Their previous study of this complex in 2006 using 13C{1H} 2D INEPT correlation experiment 

[32] is missing the 1H signal in the indirect dimension between 10 and 25 ppm, which we 

attribute to an impurity phase.   

FIGURE 5.5: 1H MAS NMR of γ - Mn(acac)3 at 55˚C. Proposed signal assignment regions are 

indicated according to DFT calculation as used in Figure 5.4 and Table 5.2, where signals from 

individual methyl hydrogens are averaged to simulate fast rotation.  

 

2 x CH3 CH CH3 CH3 2 x CH 2 x CH3

Impurity
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FIGURE 5.6: 1H NMR of γ - Mn(acac)3 at 55˚C of a) experimental spectrum, b) deconvolution fit, 

c) CH3[4] + CH3[6] + CH3[1]+ CH3[2], d) CH[12], e) CH[34], f) CH[56] and g) CH3[3]+ 

CH3[5]. (see Table 5.3) 

 

a)

b)

c)
d)
e)
f)

g)

Group δiso (ppm) FWHM(kHz) Ifit (%) Istoichiometry(%) 

CH[12] 50 2.5 3.6 4.8 

CH3[4, 6]  

CH3[1,2] 
34 2.7 56 57 

CH[34] 12 1.3 6.3 4.8 

CH[56] 8 1.2 2.6 4.8 

CH3[3,5] 1.7 1.7 31.4 28.6 

 

TABLE 5.3: 1H NMR fit parameters from Figure 5.6. Fitting included the spinning sideband 

manifold, not shown in Figure 5.6. Assignments from Table 5.2, group labels from Figure 5.4. 
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The presence of the impurity can be explained by the fact that the sample quality of γ - 

Mn(acac)3 can only be obtained as technical grade. Most studies do not attempt to purify the 

sample as the recrystallization step can lead to structural alteration.[29, 32, 62, 65] The 

additional crystalline phase was sensitive to an open-air environment. Figures 5.7d shows the 1H 

spectrum of the sample as received from Alfa Aesar and spectrum e is the same sample after a 

prolonged exposure to air. Changes in intensity in the region of 12 - 30 ppm indicate conversion 

of the second phase to γ - Mn(acac)3. There has been a previous report of phase changes in 

Mn(acac)3 that were triggered by variations in temperature [66]. This change was reported to 

occur irreversibly from the δ to ε phase on slow cooling of δ - Mn(acac)3 below 190 K [66]. A 

subsequent increase in temperature to ambient conditions did not reverse the transition. My 

hypothesis is that a similar phase-change might occur with the γ –phase upon heat treatment, but 

the new phase would not be stable at ambient conditions. I varied the temperature by submerging 

FIGURE 5.7: 1H NMR of Mn(acac)3 at 55˚C: a) as-made sample; b, c) two trials of N2(l) cooling of 

commercial sample; d) original sample from Alfa Aesar; e) Alfa Aesar sample after extended air 

exposure.  

 

a)

b)

c)

d)

e)
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a sealed-glass NMR tube containing the powdered sample as obtained from Alfa Aesar in liquid 

nitrogen. The sample was brought to room temperature by slow nitrogen evaporation. Results of 

two evaporation trials are shown in Figure 5.7b and c, where the secondary phase gains intensity 

relative to the signal from γ - Mn(acac)3. Figure 5.7a shows the 1H spectrum of δ-Mn(acac)3
 that 

was synthesized by conventional methods [98]. The sample identity was confirmed using powder 

x-ray diffraction (see Appendix Figure 5.1) [66]. This signal matches the secondary phase in the 

region 12 - 30 ppm to the δ-Mn(acac)3. Additional evidence for this identification can be drawn 

from the 13C MAS NMR spectra in Figure 5.8, which are for selected samples from Figure 5.7. 

The impurity phase can be traced through these samples at different concentrations and matches 

the synthesized δ-Mn(acac)3 like a fingerprint. The 13C spectrum of δ-Mn(acac)3, Figure 5.8a, is 

extremely complicated as the unit cell contains four unique molecules with different degrees of 

Jahn-Teller compression; therefore a detailed assignment was not done.  

An interesting observation was made regarding the conditions of this phase change. A 

slow rate of heating, i.e., temperature increase through the slow nitrogen evaporation, seems to 

be essential for phase interconversion. When the sample was heated rapidly to room temperature, 

there was no observed change to the 1H NMR spectrum. My hypothesis is that a slow rate of 

heating seems to allow enough energy and time for the phase change to occur through an 

increase in entropy and allows the system to crystallize into a more disordered, yet less 

thermodynamically stable Jahn-Teller compressed δ-phase. The thermodynamic instability of 

this phase is apparent in the phase reversal upon prolonged exposure to air. Thus, on the basis of 

the previous study and current findings, there seems to be a pathway for conversion of the γ-

phase into the δ- and ε- phases via the thermal treatment alone [66]. 
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5.5 Effect of elongation vs compression in Mn(acac)3  

The large variation in atomic arrangements of Mn(acac)3 stems from the ability of the 

molecular structure to adopt either a compressed or an elongated Jahn-Teller distortions. As 

paramagnetic NMR shifts are sensitive to orbital occupancies of unpaired electrons, one would 

expect to observe a clear spectroscopic distinction in signals between the two forms of distortion 

in any of the structures. This sensitivity to orbital occupancies can be seen in the calculated spin-

density contour maps in Figure 5.9, which provides evidence of different occupancies of Jahn-

Teller elongated and compressed molecules according to Table 5.1, where the positive spin-

density traces antibonding orbitals between the metal and oxygen atoms. The unpaired-spin 

density in the metal-oxygen region of the equatorial ligand in the compressed structure shows the 

dominant σ* antibonding character, in contrast to the contour of the elongated molecule. Table 

 
 

 

FIGURE 5.8: 13C NMR of Mn(acac)3 at 55˚C. a) Hahn-Echo of the synthesized sample 

corresponding to Figure 5.7a (transmitter at 300 ppm); b) adiabatic double-echo of the sample in 

Figure 5.7b; c) adiabatic double-echo of the original sample from Alfa Aesar, Figure 5.7d.  
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5.1 suggests that metal-oxygen orbitals in the equatorial plane have a normalization coefficient 

of 0.5 upon an interaction with the dx2-y2 metal orbital. However, the same metal-oxygen orbitals 

only have the coefficient of about 0.236 when bonded with the dz2 orbital, which is occupied in 

the elongated structure. These coefficients represent the different degree of mixing of these 

orbitals and, thus, a difference in degree of delocalization of the unpaired-electron density. 

Therefore, it is expected that the spin-density contour-plot of the equatorial ligand in the 

compressed structure would show a greater degree of σ* character than its elongated counterpart, 

as observed in Figure 5.9. As a result of the low mixing coefficient of the dz2 orbital, the spin 

FIGURE 5.9: Representative spin-densities of Jahn-Teller elongated and compressed forms of 

Mn(acac)3. Both axial ligands show similar spin-densities in either form of distortion, thus a 

single plot is provided for each case. The direction of the distortion is indicated with the z-axis. 
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density distribution of the equatorial ligand in the elongated structure is dominated by the π*(t2g 

– p) interaction, Figure 5.9, as seen in the d1 - d3 complexes in Chapter 4. As a consequence, 

these different metal-orbital occupancies lead to distinctions in overall spin-density propagation 

in the equatorial ligand. The remaining two ligands are parallel to the z-axis of distortion and 

have similar spin-density distributions between elongated and compressed forms. However, their 

Fermi shifts should not lead to overlapped 13C NMR signals as the magnitudes of their metal-

oxygen orbital overlaps differ according to Table 5.1. 

 Figure 5.10 summarizes the calculated 13C shifts of all individual molecules in the five 

known forms of Mn(acac)3, with their respective shift ranges. These ranges include structural 

distortions (such as ligand asymetry, out-of-plane methyl groups, etc.) that have not been 

addressed in great detail due to their complex nature, but they introduce additional variation to 

the magnitude of the Fermi coupling. Nevertheless, general pattern of resonance shifts emerges 

that is consistent with our previous discussion on the main differences between elongated and 

compressed forms of Mn(acac)3. This is an illustration of the sensitivity of paramagnetic NMR to 

site-specific magnetic environments, whereas distortions due to packing arrangements act as 

pertubations to the spin-density distribution model.  

The predicted resonance-shift ranges in Figure 5.10 suggest the absence of a methyl 

signal in the negative range between -50 to -900 ppm for Jahn-Teller compressed molecules. 

This observation correlates with the experimental 13C spectrum of the elongated molecule of the 

γ- phase, Figure 5.4, where three distinct signals are observed at -21 ppm, -96 ppm and -450 

ppm, of which all correspond to methyl groups. The 13C spectrum of the δ- phase shows the 

signal extending all the way to -200 ppm; however, due to severe signal overlap from the four 
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distinct Jahn-Teller compressed molecules and spinning sidebands, no definitive assignment can 

be made.  

Figure 5.10 provides additional confidence in assignment of the region with signal 

overlap in the γ- phase, Figure 5.4. The narrow range of possible shifts of the methine group 

suggests that the signal overlaps with the two signals from carbonyl and two methyl groups, but 

unfortunately cannot be resolved within the 20 K temperature variation allowed by our 

instrumentation. A definitive assignment of the overlapped region could be provided by a 

correlation experiment with 1H through cross polarization; however, attempts to achieve the 

Hartmann-Hann match were unsuccessful.    

5.6 Effect of dz2 orbital on spin density in equatorial ligand 

The elongated molecule of Mn(acac)3 has similarities in the spin-density distribution of 

the equatorial ligand with the d1 - d3 metal acacs. Distorted ligands, with the JT-elongated Mn-O 

bond, exhibit uneven contributions from the dz2 orbital. The major difference between the 

FIGURE 5.10: Ranges of calculated chemical shifts for individual functional groups from all 

molecules in five known crystal structures of Mn(acac)3. Notation follows the reference system 

in Figure 5.4.  
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equatorial ligand in Mn(acac)3 and the acac ligands in the Ti3+, V3+ and Cr3+ complexes is the 

presence of an additional contribution from the dz2 orbital, which interacts symmetrically with 

the oxygen atoms in the equatorial plane (Table 5.1). Thus, a direct comparison of spin densities 

at 13C sites between the d1 - d3 systems and the d4 system illustrates the contribution of the dz2 

orbital to the spin density of the equatorial ligand.  

Additional data points for the equatorial ligand of Mn(acac)3 are added to Figure 4.21 to 

obtain Figure 5.11. The carbonyl group exhibits a more negative contribution to its spin density 

with the introduction of the dz2 orbital. This can be explained with the model of orbital 

interactions, Figure 5.12, where the additional contribution of σ* electron density to the oxygen 

produces polarization of oxygen-carbon bond. As a result, the CO is left with the negative spin-

density contribution. This effect can be seen in Figure 5.11, where the carbonyl of Mn(acac)3 

shows more negative spin-density than the general trend would suggest. The overall reduction in 

positive spin-density at the carbonyl reduces the polarization of the carbonyl-methyl bond and 

thus, the methyl 13C nucleus exhibits slightly more positive spin-density as compared to the Cr3+ 

analog, Figure 5.11. The reduction in polarization and enhanced delocalization from the carbonyl 

to the methine group produces the observed increase in spin density with respect to t2g
3 

Cr(acac)3. 
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FIGURE 5.11: Relation between spin density in the t2g orbital in the ligand plane and spin density 

at carbon nuclei of the ligand for M(acac)3, where M = Ti, V, Cr in dark. Blue data points are 

added from the equatorial ligand of γ - Mn(acac)3 that include the effect of the dz2 orbital. 

Squares denotes the carbonyl group, circles denote the methine group and triangles denote the 

methyl group.  

 

 

FIGURE 5.12: Delocalization of the unpaired electron spin density from the dz2 orbital to the acac 

ligand in the equatorial plane. Dark and light colors indicate orbital phases. All orbital 

interactions are outlined as antibonding σ* - type. 
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5.8 Conclusion 

Paramagnetic solid-state NMR can be used to assess reliably the local chemical 

environment near the paramagnetic center, even with many unpaired spins of S = 2. Spin-

distribution pathways can successfully provide an intuitive interpretation of the Fermi-shift 

direction and magnitude. The Fermi shift together with the large magnetic moment introduces a 

significant increase in the sensitivity of the peak position to the local chemical environment. The 

structure of elongated Mn(acac)3 follows the spin-density distribution pathway and is used as a 

model to study the effect of the occupied dz2 orbital on the acetylacetonate ligand. 
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Chapter 6:  

Bis(2,4-pentanedionato)metal (d9 – d7) 

Bis(acetylacetonato)metal(II) compounds with dn (n = 7-9) configurations were studied to assess 

the impact of occupied orbitals of eg – type symmetry. These will be presented in order of 

increasing complexity, beginning with the S = ½ complex of Cu(acac)2 (d
9) , proceeding with the 

S = 1 complex of Ni(acac)2·2H2O (d8) and concluding with the S = 3/2 complex of 

Co(acac)2·2H2O (d7). 

6.1 Cu(acac)2, d9 

Bis(acetylacetonato)copper(II) is an anhydrous paramagnetic complex with a square-

planar geometry of oxygen coordination around the central copper(II) [69]. The molecule has 

inversion symmetry at the metal center that leads to a pair of equivalent ligands. Therefore, only 

up to five distinct resonances of 13C can be expected in NMR spectra and up to three resonances 

in 1H NMR spectra owing to the rotational averaging of the methyl groups. 

6.1.1 13C MAS NMR  

The 13C MAS NMR spectrum of Cu(acac)2 is shown in Figure 6.1. It has three resolved 

13C resonances near the diamagnetic region. The assignment of these resonances as indicated by 

DFT calculation is that the signal at the lowest frequency belonging to the methine carbon, and 

the two overlapping resonances belonging to carbonyl groups. The methyl signal is predicted to 

be at very high frequency, on the order of 1000 ppm, which is experimentally unobserved, 
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presumably due to broadening from its large Fermi-coupling constant (see Chapter 8). The 

observation of a single methine signal is consistent with the presence of a unique acetylacetonate 

ligand and the presence of an inversion center of symmetry in the molecule. This contrasts with 

the metal trisacetylacetonates (Chapters 4 and 5), where the ligands are not related by molecular 

symmetry.  

The assignment of the 13C resonances was confirmed by 13C{1H} REDOR, Figure 6.2, 

where the largest dephasing is attributed to the methine signal at -60 ppm, and the two signals 

that show no intensity loss are confirmed as due to the carbonyl groups. 

 

*

CH2 x COCH3

* * *

FIGURE 6.1: 13C MAS Hahn-Echo spectrum of Cu(acac)2 with bars indicating calculated shift 

regions. Asterisks indicate MAS spinning sidebands. 
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6.1.2 Spin-density distribution 

The only metal orbital that is singly occupied in this complex has dx2-y2 symmetry, which 

makes Cu(acac)2 unique, as its unpaired spin-density distribution represents only interactions 

with the dx2-y2 orbital. The contour plot is given in Figure 6.3, where a clear contour line illustrates 

the shape of the dx2-y2 symmetry at the metal center that interacts with oxygen atoms exclusively 

through σ* symmetry. This is analogous to the interaction of the equatorial ligand in compressed 

Mn(acac)3 structure only in the absence of interfering t2g – symmetry orbitals, Figure 5.9. Thus, 

oxygen atoms are left with a significant amount of positive spin-density in the s-orbital, which 

 

CHCO

FIGURE 6.2: 13C{1H} REDOR of Cu(acac)2. The spectrum in black indicates no dephasing, 

whereas the spectrum in green has introduced a 1H recoupling pulse. 
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would in turn polarize all bonds of the oxygen with other atoms, in this case with the carbonyl 

carbon. This polarization can be seen in the spin-density plot, Figure 6.3. The significant amount 

of positive spin-density at the oxygen s-orbitals leads to delocalization from the oxygen to 

carbon via σ* orbitals. This positive spin-density counteracts the negative contribution from the 

polarization and lowers the magnitude of the Fermi coupling for the carbonyl carbon.   

The propagation of delocalization stops at the methine carbon as the phase symmetry of 

the dx2-y2 orbital creates an orbital node at that location, Figure 6.4. Therefore, the spin density at 

CH cannot have any positive spin-density contribution from the delocalization mechanism. The 

excess of negative spin-density at CO creates polarization among its other bonds to CH3 and CH 

groups which leaves the latter with a positive density contribution. In Figure 6.3, a large positive 

Fermi shift is expected at the methyl due to the polarization mechanism from the CO. The same 

mechanism can also be expected to cause positive spin-density at the methine group. The spin-

density contour-plot does suggest that the positive density is concentrated near the methine 

nucleus; however, there is no overlap at the atomic core. This unique spin-density distribution 

 

Cu
a) b)

FIGURE 6.3: Spin-density of Cu(acac)2: a) isosurface, b) contour-plot in the plane of the ligand. 
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can be explained by a phase dependence of the polarization mechanism that has not yet been 

considered in the literature. The polarization mechanism stems from the ability of overlapping 

orbitals to exchange electrons with like spins that lowers the interaction energy between the two 

orbitals and causes the preferential spatial spin-distribution. In order for the two orbitals to 

overlap they must possess the same phase. In the case of Cu(acac)2, the phases of the unpaired 

spin-density at the carbonyl carbons are opposite, thus the polarization of each methine-carbonyl 

bond has opposing phase signs that cancel at the nuclear core and create a node in which only the 

negative spin-density from delocalization can reside. Therefore, CH cannot have any positive 

spin-density contribution due to the symmetry restriction of the dx2-y2 orbital in this system.  

 

 

 

 

OO

Cu

CC
C

CC

FIGURE 6.4: Delocalization of the unpaired electron spin-density from the dx2-y2 orbital. Dark 

and light colors indicate orbital phases. All orbital interactions are outlined as anti-bonding σ*. 

The green “X” indicates a node. 
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6.1.3 Theoretical treatment of paramagnetic shifts  

The axial and equatorial components of the g values for this complex are 2.254 and 2.075 

respectively, for a single crystal [130], with the isotropic value being 2.135, which deviates by 

only about 6% from the free-electron value of 2.0023. This is a small deviation for the purpose 

of the signal assignment when shifts are dominated by strong Fermi coupling. The magnitude of 

this deviation will be presented with additional discussion during the evaluation of the calculated 

resonance shifts. 

Spectral assignments for Cu(acac) 2 can be done with an approximate spin-only model, as 

shown in Table 6.1, where the diamagnetic shifts have been selected from the 13C and 1H spectra 

of Zn(acac)2·2H2O as a model diamagnetic analog of bis(acetylacetonato)metal(II) complexes. In 

Table 6.1, the anisotropic term of the electronic magnetic moment is neglected and the 

paramagnetic shift is assumed to be solely governed by the Fermi coupling. As we have the 

structural information and the measurement of the magnetic anisotropy[130] in Cu(acac)2, it is 

possible to estimate the contribution of the dipolar or pseudocontact shift to the net resonance 

shift using to the following equation [87]: 

(6.1)  

where the r is the distance from the metal center to the NMR nucleus and θ is the angle between 

the Z-axis and the metal - nucleus internuclear vector. For Cu(acac)2, we shall apply the point-

dipole model with the assumption that the structure can be considered as axially symmetric 

(Figure 6.5) and that g|| and g⊥ can be used to describe the magnetic anisotropy. This relation, 

together with geometrical parameters of the molecule in the solid state and magnetic anisotropy 

values, provides the following shifts for each of the functional groups: -5 ppm for the carbonyl,   

 𝛿𝑝𝑐  =
μ0μ𝐵

2𝑆(𝑆 + 1)

36𝜋𝑟3𝑘𝑇
(3cos2𝜃  1)(𝑔‖

2  𝑔⊥
2) 
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-3.5 ppm for the methine and -1.5 ppm for the methyl 13C shifts. The pseudocontact shift of the 

methine hydrogen is on the order of -1.5 ppm and for the methyl group the averaged 1H shift is 

around -1.2 ppm. The magnitudes of these values are small compared to the observed 

paramagnetic shifts, and thus it is safe to conclude that the observed shifts are caused 

predominantly by the Fermi coupling.  

These values cannot be considered as analytical solutions, but rather a first approximation 

to the pseudocontact shift, as the point-dipole model only accounts for a single source of highly 

localized electron-spin density. The close packing of a crystalline solid introduces additional 

contributions to the pseodocontact shift from other molecules in the vicinity. The point-dipole 

method is an appropriate approximation to study the structures of macromolecules, such as 

Group 

13C 1H 

Acalc (MHz) 

{Aexp} 

δcalc
b)

 

{δexp} 

 

Acalc (MHz)  

{Aexp
c)} 

δcalc 

{δexp} 

 

CO 

-1.54 

{-1.0(1)} 

-1.46 

{-0.9(1)} 

34 

{95} 

42 

{104} 

   

CH -1.28 

-30 

{-60} 

 

-0.83 

{-0.71(5)} 

-16.5 

{-10.5} 

CH3
 8.84 

930 

{not observed} 

 

(-0.45, -1.06, 0.58) 

{-0.14, -0.35, 0.19} 

(-1.13, -0.51, 0.76) 

{-0.39, -0.17, 0.26} 

-6.0 

{1.6} 

-5.6 

{1.6} 

 

TABLE 6.1: 13C and 1H NMR of Cu(acac)2 and DFT calculations. Calculateda) and experimental 

shifts are in ppm at a sample temperature of 55 ˚C. 1H and 13C shifts from the same functional 

groups are indicated and appear in the order as listed. 

 

a) shifts are calculated with the giso = 2.135  

b) Shifts were calculated according to equation 2.18. 

c) Couplings from individual hydrogens from the same methyl group are scaled to match the 

average experimental shift. 
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proteins [41, 131]. There, the distance between paramagnetic centers is large and r distances are 

greater than 7 Å [87], which additionally lowers the contribution to the pseudocontact shift from 

spin delocalization.  

 Another way to estimate the pseudocontact shift is using the anisotropic part of the 

hyperfine-coupling tensor [132]. This method has the advantage of including the contribution 

from electron-spin delocalization from the metal center onto the ligand. However, this 

computational approach is heavily tied to the modeling system, i.e. the choice of theory level and 

model structure. In this scenario, I  have done the modeling with the same level of theory as has 

been used throughout this thesis, mPW1PW91, and the structure is confined to a single molecule 

in the gas phase. The general equation for the pseudocontact shift for a doublet spin state has 

been given by Martin et al [132, 133] as: 

 

Z

θ

FIGURE 6.5: Illustration of pseudoaxial symmetry in Cu(acac)2 with the relevant angle for the 

pseudocontact shift calculation.  
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(6.2) 

where Δg is the g-anisotropy defined as 1/3(gzz – (gxx + gyy)/2), and ΔA is the anisotropy of the 

hyperfine tensor defined as 1/3(Azz – (Axx + Ayy)/2). The above relation is valid if both 

anisotropies are expressed in a common axis-system. The primary-axis system is generally 

chosen to be that of the g-tensor, which coincides with the molecular-axis of symmetry. Vector 

orientations and scalar magnitudes of both tensors are calculated or can be determined by EPR 

spectroscopy of a single crystal. Calculation at the mPW1PW91 level of theory indicates the 

following pseudocontact shifts: -0.2 ppm for the carbonyl, 0.9 ppm for the methine and -0.1 ppm 

for the methyl 13C signals. The same calculation produced the following shifts for 1H signals of 

the methine at -0.2 ppm and the averaged methyl shift of -0.2 ppm. All these shifts are negligible 

compared to the contribution of the Fermi coupling, as was previously concluded from the point-

dipole calculation. 

6.1.4 1H NMR interpretation  

The 1H MAS NMR spectrum of Cu(acac)2 is shown in Figure 6.6 along with shift 

predictions from Table 6.1. In this case, the assignment is obvious due to the favorable signal 

resolution and characteristic integrated signal intensities. Unlike previous complexes considered 

in this thesis, the 1H shift of Cu(acac)2 tends to have overall negative spin-density. As the 

pseudoaromatic ring does not interact with a singly occupied metal orbital, there is no 

appreciable unpaired spin-density perpendicular to the ring plane that could interact with the 

protons. The majority of the unpaired spin-density is distributed within the ring plane, as 

indicated by the isosurface diagram in Figure 6.3. The carbon of the methyl group experiences 

significant positive spin-density from the polarization mechanism, which can extend onto the 

 𝛿𝑝𝑐  =
𝛥𝐴𝛥𝑔μ𝐵
2𝛾𝑘𝑇
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proton in the plane of the ring. However, the out-of-plane protons do not experience the extended 

polarization from the carbonyl and are most affected by polarization originating at the carbon of 

the methyl group. Thus, the majority of CH3 protons are predicted to have negative spin-density 

and a negative Fermi-shift. 

 The methine proton experiences negative spin-density due to the specific symmetry 

restriction of the methine carbon that forbids any delocalization at that position. Figure 6.3 shows 

that the methine carbon is surrounded by regions with positive spin-density as a result of the 

polarization from both carbonyl groups. This positive spin-density can polarize the carbon-

hydrogen bond, leaving the hydrogen with excess negative spin-density as there is no pathway 

for spin delocalization.  

 

FIGURE 6.6: 1H MAS Hahn-Echo of Cu(acac)2 with intensity fitting. Detailed intensity fits (on 

the right) follow closely with the stoichiometric intensity from a single molecule (top-left table). 
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2 x CH3 87 86 

CH 13 14 

 



Bis(2,4-pentanedionato)metal (d9 – d7) 

150 
 

6.2 Ni(acac)2·2H2O, d8 

The nickel(II) analog of bis(acetylacetonato)copper(II) has a hydrated form that brings 

the local coordination environment around the metal to a pseudo-octahedral arrangement. The 

structure also has the inversion center at the metal, and only up to five distinct resonances are 

expected from 13C NMR and three resonances from 1H NMR, excluding the water signal. Water 

molecules are coordinated directly to the metal and require additional attention as their dynamic 

behavior is not known. The water molecule can rotate around the Ni-O axis, in which case the 

NMR signals from the two hydrogen nuclei would average. There may be an additional long-

range hydrogen-bonding interaction that restricts hydrogen reorientation, in which case each 

hydrogen will produce a distinct signal.  

The magnetic properties of this complex have been studied extensively [71, 134, 135], 

and there is no appreciable magnetic anisotropy. Thus, the pseudocontact contribution to the shift 

will not be considered and the spin-only formulation will be used in the evaluation of the Fermi 

shifts. A recent solid-state NMR study of this complex proposed [135] incorrect assignments 

based simply on site proximity to the metal center. Only later did they correct their assignments 

to reflect the Fermi-contact coupling [136].  

6.2.1 13C NMR and assignments  

The spectrum in Figure 6.7 shows the NMR response from 13C nuclei in paramagnetic 

Ni(acac)2·2H2O. There are three distinct regions of signals that mimic the assignments for the 

copper complex, Figure 6.1. Signal assignments are confirmed through 13C{1H} REDOR where 

the largest dephasing is for the methine group and a negligible dephasing is at the carbonyl, 
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Figure 6.8. In this case, REDOR helps clarify the distinction between methine and carbonyl peak 

assignments, as the computational prediction suggests an overlap of the two signals, Figure 6.7. 

FIGURE 6.7: 13C MAS Hahn-Echo of Ni(acac)2·2H2O with bars indicating the calculated 

chemical shift regions. Asterisks indicate artifacts of MAS. 
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FIGURE 6.8: 13C{1H} REDOR of Ni(acac)2·2H2O. The spectrum in black indicates no dephasing, 

whereas the spectrum in red results from an introduced 1H recoupling pulse. 
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6.2.3 Spin-density distribution 

According to crystal-field theory for an octahedral coordination environment, two 

unpaired electrons of a d8 metal occupy high-energy eg-orbitals. The interaction of the dz2 orbital 

with ligands in the xy-plane is analogous to that in the undistorted ligand in the xy-plane of 

Mn(acac)3. Whereas the effect of the dx2-y2 on the spin-density distribution has been observed in 

Cu(acac)2, both of these orbitals are given in Table 6.1 with the appropriate phases and 

symmetries of interacting oxygen orbitals interacting with the metal. The contour-plot in Figure 

6.9 shows the effect of both metal orbitals on the spin density of the ligand. A detailed discussion 

of the individual contributions from each of these orbitals was given for Mn(acac)3, Figure 5.4 

for dz2, and for Cu(acac)2, Figure 6.4 for dx2-y2. Figure 6.9 shows the sum of these contributions 

applied to the molecular structure of Ni(acac)2·2H2O. The contour-plot resembles that of 

Cu(acac)2, Figure 6.3, where clear σ* symmetry is seen between the metal and the oxygens. This 

is in agreement with Table 5.1 where only a σ-type symmetry interaction is expected at the 

oxygen atoms.  

 

Ni

a) b)

FIGURE 6.9: Spin-density distribution of Ni(acac)2·2H2O: a) isosurface, b) contour plot in the 

plane of the ligand. 
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6.3.3 1H NMR interpretation 

 The 1H MAS NMR spectrum of the nickel complex is given in Figure 6.10. The general 

pattern resembles that of Cu(acac)2, where there is a clear distinction between CH at low 

frequency and a single methyl peak at higher frequency, indicative of an inversion center. In 

addition, there is a low-intensity broad resonance at a high shift of 70 ppm, which is attributed to 

a water signal according to Table 6.2. According to integrated intensities of each signal and the 

relative proximity of the shift to one of the predicted hydrogen signals from the water, I conclude 

that the broad resonance comes from a single proton of the water molecule, which suggests that 

the orientation of the water molecule is perpendicular to the pseudoaromatic ring (Figure 1.10) 

and is relatively fixed in space. The signal from the other hydrogen is expected to appear at much 

 

~~~

H2O

CH3

CH

FIGURE 6.10: Regions of the 1H MAS Hahn-Echo spectrum of Ni(acac)2·2H2O. 
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higher frequency, and due to the significant Fermi coupling, it is not expected to be observed 

(more discussion on the signal breadth will be given in Chapter 8).  

 There is another hydrated form of the complex with an additional water molecule, 

[Ni(acac)2·2H2O]·H2O, where the additional water molecule participates in hydrogen bonding, 

breaking the inversion symmetry of the complex [73]. The two waters coordinating nickel are no 

longer related by inversion symmetry. Hydrogen atoms are in a near-parallel orientation with 

respect to the pseudoaromatic system, Figure 6.11. This breaking of symmetry results in distinct 

NMR resonances for individual crystallographic sites: the 13C spectrum is predicted to have 10 

resonances, and the 1H spectrum should have up to 12 resonances if one assumes unique signals 

for individual water hydrogens and rapid methyl rotation. Table 6.3 summarizes these  

 

TABLE 6.2: 13C and 1H NMR of Ni(acac)2·2H2O and DFT calculation. Calculated and experimental 

shifts are in ppm at a sample temperature of 55 ˚C. 1H and 13C chemical shifts from the same 

functional groups are indicated and appear in the order as listed. 

 Group 

13C 1H 

Acalc (MHz) 

{Aexp} 

δcalc
a)

 

{δexp} 

Acalc (MHz) 

{Aexp
b)} 

δcalc 

{δexp} 

CO 
-0.21, -0.12 

{-0.089(1)} 

139, 160 

{171} 
  

CH 
0.25 

{0.11(1)} 

166 

{129} 

-0.21 

{0.22(1)} 

-8.5 

{-9.3} 

CH3
 2.92, 3.05 

{3.1(1), 3.3(1)} 

774, 806 

{818, 858} 

(-0.37, -0.34, 0.57) 

{0.37, 0.34, 0.57} 

(-0.26, -0.39, 0.51) 

{0.24, 0.36, -0.46} 

-0.9, -1.2 

{4.5} 

H2O    
3.73, 0.50 

{0.98(3)} 

244, 37 

{70} 

 
a) Shifts were calculated according to equation 2.18. 

b) Couplings from individual hydrogens from the same methyl group are scaled to match the 

average experimental shift. 
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TABLE 6.3: 13C and 1H NMR of Ni(acac)2·2H2O and DFT calculation of [Ni(acac)2· 

2H2O]·H2O. Calculated and experimental shifts are in ppm at a sample temperature of 55 ˚C. 1H 

and 13C shifts from the same functional groups are indicated and appear in the order as listed. 

 

Group 

13C 1H 

Acalc (MHz) 

{Aexp} 

δcalc
a)

 

{δexp} 

Acalc (MHz) 

{Aexp
b)} 

δcalc 

{δexp} 

CO 

-0.22, -0.21, 

0.45, 0.18 

{-0.089(1)} 

135, 137, 

306, 237 

{171} 

  

CH 
0.44, 0.34 

{0.11(1)} 

213, 187 

{129} 

-0.22, -0.18 

{0.22(1)} 

-9.6, -7.1 

{-9.3} 

CH3
 

3.41, 3.47,  

2.97, 2.97 

{3.1(1), 3.3(1)} 

897, 914, 

786, 786 

{818, 858} 

(0.04, -0.27, -0.20) 

(0.06, -0.25, -0.21) 

{0.37, 0.34, 0.57} 

(0.07, -0.20, -0.24) 

(0.08, -0.26, -0.19) 

{0.24, 0.36, -0.46} 

-7.2, -6.5, 

-6.0, -5.7 

{4.5} 

H2O   

-1.52, -1.24,  

-1.37, -1.73 

{0.98(3)} 

-92, -75, 

-83, -106 

{70} 

 

FIGURE 6.11: Molecular structure of [Ni(acac)2· 2H2O]·H2O. Image does not include the 

external water molecule. 

 

a) Shifts were calculated according to equation 2.18. 

b) Couplings from individual hydrogens from the same methyl group are scaled to match the 

average experimental shift. 
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predictions and gives the experimental chemical shifts in Ni(acac)2·2H2O for comparison. The 

loss of symmetry should be easily apparent in 13C NMR; however, our spectrum shows evidence 

of high molecular symmetry, confirming the structure as the dihydrate. Nielsen’s group reported 

13C shifts of this extra hydrate form, and it shows a loss of site degeneracy as the structure no 

longer has inversion symmetry [136, 137]. 

Further distinction between the two hydrated forms of the nickel complex can be made 

with the 1H Fermi shift from waters directly attached to the metal. The orientation of the 

hydrogen with respect to the pseudoaromatic ring determines the symmetry of molecular-orbital 

interaction. If the hydrogen atoms are parallel to the direction of the dz2 orbital, there is strong 

overlap of the σ* from the oxygen that creates a significant positive spin-density at the hydrogen 

positions (Figure 6.12a). If the hydrogen is parallel to the plane of the pseudoaromatic ring, the 

overlap is symmetry forbidden and the hydrogen atom has strong polarization of the σ bonds 

with the oxygen; as a result, it is left with the net negative spin-density, Figure 6.12b. 1H MAS 

NMR clearly shows the presence of a high-frequency shift for the water molecule, which  

 

a) b)

FIGURE 6.12: Spin-density contour-plots of the water molecule with direct coordination to the 

nickel metal for a) Ni(acac)2·2H2O where water is perpendicular to the ligand, and b) 

[Ni(acac)2·2H2O]·H2O where water is parallel to the ligand. 
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uggests a positive spin-density and confirms the assignment of the hydrated form to be 

Ni(acac)2·2H2O and not [Ni(acac)2·2H2O]·H2O, Table 6.3.  

6.3 Co(acac)2·2H2O, d7 

The structure of Co(acac)2·2H2O contains two crystallographically equivalent ligands 

that are related by inversion symmetry [70]. Therefore, 13C NMR gives a maximum of five 

resonances, and 1H NMR has three resonances, accounting for the rotation of the methyl group, 

without accounting for the water signal. 

Cobalt(II) complexes are known to possess notoriously large magnetic anisotropies and 

are used as paramagnetic tags for structural determination of complex molecules [41, 131]. The 

magnetic properties of Co(acac)2·2H2O were characterized by Lohr et al [71] who reported the 

dependance of magnetic susceptibility to temperature on the basis of Griffith’s expressions [15]. 

These magnetic properties are essential to evaluating the observed hyperfine interactions in this 

cobalt complex. 

6.3.1 13C MAS NMR  

The 13C MAS NMR spectrum in Figure 6.13 shows three distinct regions of signal that 

can be readily assigned with computational prediction. The signal with the highest chemical shift 

is attributed to the methyl group. The splitting of the methyl signal indicates a slight distortion 

between the two functional groups of the same ligand. The carbonyl signal is at a lower 

frequency than the methyl group. As it is closest to the metal center, the signal possesses the 

greatest dipolar anisotropy, as indicated by the intense spinning sideband manifold, that is 

appreciable even at the high MAS frequency of 60 kHz. The carbonyl signal also consists of two 
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closely spaced resonances, which suggests a slight distortion between the two carbonyl groups of 

the same ligand, as previously observed for the methyl groups. The methine signal can be 

recognized by its lower intensity and relative proximity to the carbonyl site, as predicted from 

FIGURE 6.14: 13C{1H} REDOR NMR of Co(acac)2·2H2O at 50 kHz MAS rate. The spectrum in 

black has no dephasing, whereas the spectrum in red results from the introduced 1H recoupling 

pulse. 

 

FIGURE 6.13: 13C MAS Hahn-Echo NMR of Co(acac)2·2H2O at 60 kHz MAS rate with 

calculated-shift ranges. Asterisks indicate spinning sidebands. 
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the calculations, Figure 6.13. The signal consists of a single peak, which confirms the presence 

of a single unique methine group between the two ligands of the molecule as explained above. 

The assignment of functional groups was confirmed using 13C{1H} REDOR, Figure 6.14. 

The signal with the largest dephasing at 199 ppm belongs to the methine group, with 

intermediate dephasing associated with CH3. The CO group is at 355 ppm and shows no change 

with 1H recoupling pulses. It is interesting to note that at 50 kHz, the intense spinning sidebands 

of the carbonyl group could lead to erroneous signal assignment, as the spinning sideband around 

-50 ppm in Figure 6.14 is the most intense signal, which can be erroneously attributed to the 

isotropic shift. Both spectra in Figure 6.14 were recorded at 50 kHz MAS to confirm the 

positions of the isotropic signals. A clear identification of the isotropic peak can be made based 

on Figures 6.13 and 6.14, as isotropic shifts are fixed with variable spinning. 

6.3.2 Spin-density distribution  

In Co(acac)2·2H2O, Co(II) is a d7 metal, where both high-energy dz2 and dx2-y2 orbitals are 

singly occupied and the third unpaired electron is unevenly delocalized among the lower-energy 

 

dx2-y2 dz2

dxy dxz
dyz

1.18 1.08

1.88
1.75

1.32

FIGURE 6.15: Electron-density distribution in the metal valence orbitals of Co(acac)2·2H2O 

calculated with the level of theory used in Figure 6.13. 
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orbitals, dxy, dyz and dxz (Figure 6.15). The contour plot in Figure 6.16 shows a similar 

distribution to the nickel complex (Figure 6.9), as both structures have similar geometries and the 

occupancy at the metal differs only by a single unpaired electron delocalized over the three metal 

orbitals.  

The interaction between the metal-t2g -type and the oxygen orbitals follows the same pathway 

as outlined for the d1-d3 metal complexes in Chapter 4. This mechanism is responsible for the 

alteration of the contour shapes in Figure 6.16b with respect to the nickel complex in Figure 6.9, 

and can be considered as a perturbation to the spin-density distribution from the eg orbitals. The 

pathway is the delocalization of the spin density from the metal t2g orbital in the plane of the 

ligand via π* interactions with the oxygen and a subsequent overlap with the carbon σ* orbital. 

The strength of the overlap between the oxygen and the carbon orbitals is expected to be dictated 

by the planarity of the metal-ligand ensemble. The dihedral angle between the ligand and the xy- 

plane of the cobalt-oxygen coordination is approximately 15°, Figure 6.17. This tilt is expected 

to lower the degree of overlap between the carbonyl carbon and the π* between the oxygen and 

the metal, which would decrease the degree of spin-density delocalization onto the ligand. 

 
FIGURE 6.16: Unpaired spin-density distribution in Co(acac)2·2H2O: a) isosurface, b) contour 

plot in the plane of the ligand. 
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 6.3.3 Beyond the spin-only approximation  

One of the major assumptions in our theoretical evaluation of Fermi coupling has been to 

ignore the contribution of the anisotropy of the magnetic susceptibility and any significant 

contribution from spin-orbit coupling. Thus, the formula of the Fermi shift is reduced to the spin-

only formulation of equation 2.18, which gives the shifts for Co(acac)2·2H2O, Figure 6.13, where 

the overall distribution of signal assignments is predicted with acceptable accuracy. A clear 

separation between signals from the methyl and those from other functional groups indicates that 

the spin distribution gives significant positive spin-density at the methyl groups. This contrasts 

with previously observed methyl shifts for d1 - d3 complexes where the methyl signals had a 

significant negative Fermi-shift (Figures 4.5, 4.12 and 4.18). Both carbonyl and methine groups 

are predicted to have an overall small positive Fermi-shift, which indicates the net positive spin-

density at both sites. The order of appearance of these groups is reversed between prediction and 

experiment, which could be caused by such factors as an error in the Fermi-coupling calculation 

and neglect of the pseudocontact shift, which is expected to be significant in Co2+. Nevertheless, 

FIGURE 6.17: Co(acac)2·2H2O with the xy-plane and the tilted plane of the ligand. 
 

15°
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the assignment of these two groups is confirmed on the basis of both REDOR (Figure 6.14) and 

the relative signal intensity and multiple observed peaks.  

In 1964, Golding introduced a formula for the Fermi shift that accounts for the spin-orbit 

interaction in octahedral and tetrahedral coordination environments [13]. The derivation was 

based on the earlier work of Griffith [15] that used the Russell-Saunders coupling scheme [138]. 

The spin-orbit coupling constant, ζ, in Co(acac)2·2H2O is significant, at 435 cm-1 [71], in 

comparison with the Boltzmann energy at room temperature, which is approximately 208 cm-1. 

This spin-orbit splitting acts as an additional perturbation to the electronic-energy levels and 

affects the magnetic moments of the individual microstates. The Boltzmann-averaged magnetic 

moment leads to the following equation for the Fermi-contact shift in Co(acac)2·2H2O [13]: 

(6.3) 

where the idealized model of the weak-field ligand has been used, which is in accord with 

findings of Lohr regarding the cobalt complex [71]. Formula 6.3 replaces the gisoS(S+1) term of 

the spin-only approximation, equation 2.18, and introduces an additional temperature-dependent 

perturbation due to the spin-orbit coupling. Application of Golding’s formula to the calculated 

Fermi coupling yields no appreciable change to the CH and CO predictions, but shifts the CH3 

prediction by about +200 ppm, resulting in poorer agreement with the experimental data (Table 

6.4). 

δFermi = Aiso
μB

3γnkT
 

(
(
65
12 +

140kT
9ζ ) e

5ζ
4kT + 2(

44
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616kT
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) e
ζ
2kT + 3(
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20  

84kT
20ζ ) e

−3ζ
4kT

e
5ζ
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ζ
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−3ζ
4kT
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More recently, Martin [132] formulated the dependence of the Fermi shift on the splitting 

of electronic-energy states, the zero-field splitting, D. This perturbation to energy levels occurs 

in systems with multiple unpaired spins or S > 1/2, where it represents the spin - spin dipolar 

interaction. This relation was derived for both the Fermi and pseudocontact parts of the hyperfine 

interaction. For Co2+ the analytical solution has the following form: 

(6.4) 

 

    (6.5) 

 

where giso is the isotropic g-tensor, a term that incorporates the effect of spin-orbit coupling 

according to the Golding’s formulation, Δg is the anisotropy of the g-tensor, and ΔA is the 

anisotropy of the hyperfine tensor in the reference frame of the g-tensor. D represents the zero-

field splitting.  

Table 6.4 summarizes the different levels of theory used to determine the paramagnetic 

shift. The simplest level of theory was the spin-only approximation in the absence of a 

pseudocontact shift and is sufficient to distinguish methyl signals from other resonances. 

Introduction of the spin-orbit coupling contribution to the magnetic moment via Golding 

formulation (equation 6.3) systematically increases the magnitudes of Fermi shifts by ~24%. The 

addition of the zero-field splitting term by Martin-Autschbach (equation 6.4) slightly increases 

the magnitude of the Fermi shift by farther ~2-3%. Thus, overall the effect of the zero-field 

splitting on the Fermi shift is minor compared to that of the spin-orbit coupling correction and 

both are minor perturbations relative to the spin-only formulation (equation 2.18). Introduction 

δPC  = ΔA
μB

3kTγn
(
1 + 9e−

2𝐷
𝑘𝑇

4 (1 + e−
2𝐷
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−
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𝑘𝑇)

1 + e−
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of the pseudocontact-shift contribution, Table 6.4, is meant to show a potential significance of 

such shift for a highly anisotropic Co2+ ion. The sensitivity of the pseudocontact shift to the 

magnetic anisotropy is amplified by the high magnetic moment of Co2+ compared with Cu2+, 

which has a comparable Δg but overall much smaller pseudocontact shifts, Table 6.1. The 

presence of multiple unpaired electrons and the large magnitude of the zero-field splitting, which 

was determined for Co(acac)2·2H2O [71], introduces an additional large correction to the 

pseudocontact shift, Table 6.4. The variation between the point-dipole model and the anisotropic 

hyperfine-coupling model of Martin-Autschbach without the zero-field splitting term is not 

significant and remains within a factor of 2. Both models predict pseudocontact shifts on the 

order of the Fermi shifts or much smaller. The introduction of the zero-field splitting correction 

amplifies these pseudocontact shifts by an order of magnitude, making them dominant for 

carbonyl groups which are closest to the metal. Unfortunately, as for Cu(acac)2, these 

pseudocontact shifts cannot be regarded as analytical solutions as the system used for these 

calculations does not include effects of a periodic solid structure with multiple paramagnetic 

Functional 

group 

 

Zn(acac)2·2H2O 

δdia 

δFermi δPC (+SOC) δexp 

Spin-

only 

Golding 

(+SOC) 

M-A 

(+SOC+D) 

No 

 D 

PDM 

With 

D 

PDM 

No  

D 

M-A  

With 

D 

 M-A 

δdia+ 

δFermi+ 

δPC 

CO 194(5) 54 67 68 27 108 51 323 359(3) 

CO 194(5) 41 51 52 26 104 48 305 351(3) 

CH 101(1) 176 218 222 19 74 11 69 199(1) 

CH3 28(1) 1004 1243 1280 9 35 10 64 985(5) 

CH3 28(1) 915 1132 1166 7 33 16 100 913(5) 

 

TABLE 6.4: 13C MAS NMR of Co(acac)2·2H2O and DFT calculations. Calculated and experimental 

shifts are in ppm at a sample temperature of 55 ˚C. Values are presented at different levels of 

theoretical treatment. M-A stands for Martin-Autschbach formalism, equations 6.4, 6.5.  
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centers but the calculations were done on individual molecules in gas phase. Thus, these values 

are presented as a first approximation to the pseudocontact shift in a solid. However, Table 6.4 

shows that the significance of the zero-field splitting term is much greater in the pseudocontact-

shift formulation than in the Fermi shift formulation. 

6.3.4 1H MAS NMR   

 The 1H MAS NMR spectrum of Co(acac)2·2H2O is given in Figure 6.18 with proposed 

signal assignments based on computational predictions, Table 6.5. The spectrum has a large 

anisotropic component due to the strong electron-nuclear dipolar interaction. The anisotropy of 

the 1H NMR signal is comparable to that of Cr(acac)3, Figure 4.20, as both systems have the 

same number of unpaired electrons. The signal anisotropy of the cobalt complex is slightly 

greater as the complex has an additional magnetic-moment contribution through the spin-orbit 

interaction, which brings the giso to 2.55 near room temperature [71]. A general expression for 

the dipolar contribution to the nuclear anisotropic signal has the following form [33, 39]: 

 (6.6) 

where the anisotropic component is given in the notation of Herzfeld and Berger, [139] and r is 

the distance between the metal center and the observed nucleus in a point-dipole approximation. 

Whereas such an approximation provides limited accuracy, as was seen in the account of the 

pseudocontact shift in copper and cobalt complexes, its general principles can be applied to help 

𝛺𝑎𝑛𝑖𝑠𝑜  =
3μ0giso

2μB
2𝑆(𝑆 + 1)

4πr33kT
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spectroscopic assignment. Equation 6.6 is equivalent to the point-dipole model that considers the 

SOC contribution but neglects the ZFS, which is one of the levels of theory given in Tables 6.4 

and 6.5. Unlike the pseudocontact-shift formulation [5], the anisotropic contribution to the shift 

from the dipolar electron-nuclear coupling does not depend on the relative orientation of the two 

points with respect to �̅�, but only on the distance between them. Thus, nuclei that are located 

closer to the paramagnetic center are expected to show a greater anisotropic component of their 

nuclear-resonance signal. Figure 6.18 provides two insets that show a rough ordering of 

magnitudes of the anisotropic interactions. The comparison can be made based on the relative 

intensities of the echo signals far from the isotropic position with respect to those of the isotropic 

FIGURE 6.18: 1H MAS Hahn-Echo NMR of Co(acac)2·2H2O with insets illustrating the 

differences in spinning-sideband intensity. 

 

CH3

CH
H2O
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resonance. The two signals in the middle of the spectrum with the highest intensities at isotropic 

positions -3 ppm and 6 ppm show the lowest anisotropy, followed by the signal at -17 ppm and 

the signal with the greatest anisotropy at 20 ppm. An approximate fit of these anisotropies can be 

found in Figure 6.1(Appendix). This relative ordering is in agreement with equation 6.6, where 

the distances to the metal center have the following order: R(H2O) < R(CH) < R(CH3) and the 

anisotropic components of the dipolar coupling were estimated to follow Ω(H2O) > Ω (CH) > Ω 

(CH3).  

Table 6.5 given corrections to the resonance shift of 1H in Co(acac)2·2H2O that include 

the effects of g-anisotropy, spin-orbit coupling and zero-field splitting. As in Table 6.4, the 

contribution of the spin-orbit coupling correction to the Fermi shift is on the order of 24%, 

whereas the zero-field splitting contribution is negligible for the Fermi shift of the 1H. The 

pseudocontact shift is smaller than the calculated Fermi-shift; however, it is not negligible in 

both point-dipole and Martin-Autschbach formulations. The effect of the zero-field splitting 

correction to the pseudocontact shift is more pronounced in the M-A formalism, where the shift 

increases in magnitude by approximately a factor of 6, whereas in the PDM the correction 

TABLE 6.5: 1H of Co(acac)2·2H2O and DFT calculation. Calculated and experimental shifts are 

in ppm at a sample temperature of 55 ˚C. Values are presented at different levels of theoretical 

treatment. M-A stands for Martin-Autschbach formalism, equations 6.4, 6.5. 

 Functional 

group 

 

Zn(acac)2·2H2O 

δdia 

δFermi δPC (+SOC) δexp 

Spin-

only 

Golding 

(+SOC) 

M-A 

(+SOC+D) 

No 

 D 

PDM 

With 

D 

PDM 

No  

D 

M-A  

With 

D 

 M-A 

δdia+ 

δFermi+ 

δPC 

CH 5(1) -26 -32 -32 7 8 9 61 -17(2) 

CH3 1.6(3) -15 -18 -18 5 6 8 49 -3(1) 

CH3 1.6(3) -15 -18 -18 5 6 8 53 6(1) 

H2O 7(1) 284 351 351 -38 -46 -52 -334 20(2) 

H2O 7(1) 454 562 561 -39 -46 -51 -328 20(2) 
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influences the pseudocontact shift by about 10%. This shows the dramatic uncertainty in our 

ability to interpret NMR shifts in systems with appreciable magnetic anisotropy and zero-field 

splitting. To improve this situation there is a need to improve computational modeling and 

include accurate account of anisotropic hyperfine coupling in a periodic system.  
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Chapter 7:  

Oxobis(2,4-pentanedionato)vanadium(IV) 

and tetra-µ2-acetatodiaquadicopper(II) 

Oxobis(2,4-pentanedionato)vanadium(IV) (VO(acac)2) with the d1 configuration was studied to 

assess the impact of a distorted geometry in a bis(acetylacetonato)metal complex. Tetra-µ2-

acetatodiaquadicopper(II) ([Cu(Ac)2H2O]2) is an example of a coupled spin system, which was 

studied to represent the effects of the coupling on solid-state NMR spectra.  

7.1 VO(acac)2, d1 

The molecular structure of VO(acac)2 consists of a distorted pentahedral coordination of 

oxygens around the vanadium, Figure 1.11. This arrangement has a significant effect on the 

overlap of the metal d-orbitals with the ligands, which changes the spin-density distribution. 

Unlike V(acac)3, VO(acac)2 is coordinated to five oxygens. As a result, the vanadium does not 

lay in the plane of the oxygen coordination between the two ligands, Figure 7.1. With the 

vanadyl oxygen chosen as the direction of the z-axis of symmetry of the local vanadium 

environment, the plane of the acetylacetonate ligands is tilted with respect to the xy- plane by 

approximately 15°, Figure 7.1. The unpaired electron is thought to occupy the dxy orbital as g|| < 

g+, which are 1.943 and 1.983 respectively [140]. As giso differs from the free electron value by 
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merely 2%, a spin-only value will be used to estimate the magnitude of the Fermi shift near room 

temperature. The molecule does not have an axis of symmetry, therefore the 13C spectrum is 

expected to give ten resonances. The 1H can produce six resonances, taking into consideration 

the fast rotation of the methyl groups.  

7.1.1 13C and 1H MAS NMR spectra  

The 13C MAS NMR spectrum of VO(acac)2 is significantly broadened by the 

paramagnetic interaction, Figure 7.2. Two broad peaks are observed above and below the 

diamagnetic-shift range. These shifts indicate positive and negative spin densities at those 

nuclear sites, respectively. The spectrum resembles those of the d1-d3 M(acac)3 complexes, 

Chapter 4, where signals with negative Fermi-shift are attributed to the methyl groups, signals 

 

15°

z

xy plane

FIGURE 7.1: Illustration of the distortion of the ligand plane with respect to the plane normal to 

the z-axis. 
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with near-zero Fermi-coupling are assigned to methine, and the highest Fermi-shift belongs to 

the carbonyl group. Computational results predicts these three functional groups in the same 

order, which indicates a dominance of a similar spin-distribution mechanism as found in d1-d3 

M(acac)3 complexes. The carbonyl group is not observed in VO(acac)2 and the methine shift has 

a small positive Fermi-shift. The 13C MAS NMR spectrum bears a strong resemblance to that of 

Cr(acac)3, where signals from only two out of three functional groups are detected and 

characteristic resonances are significantly broadened by paramagnetic coupling. 13C{1H} 

REDOR of VO(acac)2 in Figure 7.3 confirms the assignment and confirms that signals from the 

 

4 x CO 2 x CH 4 x CH3

FIGURE 7.2: 13C MAS Hahn-Echo of VO(acac)2 with calculated assignment regions. 
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carbonyl groups are not observed experimentally due to unfavorable electron relaxation (for a 

more detailed discussion see Chapter 8). 

There is a clear peak assignment observed for the methyl peaks, which signifies site 

inequivalence. The signal resolution is not sufficient to observe all four possible methyl 

resonances, but is sufficient to separate the signal from a single signal from the most distorted 

methyl group. Figure 7.4 shows the fit of the 13C spectrum, where there is agreement with the 

expected stoichiometric intensities. The slightly lower methine signal-intensity may be explained 

by a signal loss of the broad resonance, Figure 7.4, during the echo-period delay (see Chapter 2, 

Figure 2.5). The fit confirms the separation of the signals from methyl groups in a 3:1 proportion 

as predicted from the calculation, Table 7.1. The exact nature of the distortion between the 

 

CH3

CH

FIGURE 7.3: 13C {1H} REDOR of VO(acac)2. The spectrum in black has no recoupling, 

whereas the spectrum in red is acquired with 1H recoupling. 
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methyl groups remains unidentified as the effect on the Fermi coupling is calculated to be 

relatively small based on the available x-ray crystal structure, on the order of 3%, Table 7.1, 

whereas the difference in coupling between the two methyl 13C regions is estimated to be 30% 

according to the observed Fermi-shift, Table 7.2. This discrepancy indicates insufficient 

accuracy in our modeling method.  

1H MAS NMR, Figure 7.5 shows a single broad resonance with a net positive Fermi-

shift, similar to the d1-d3 M(acac)3 compounds, Chapter 4. The broad unresolved signal 

resembles that of Cr(acac)3, where a single 1H resonance is observed, Figure 4.20. Unlike Cr3+, 

the V4+ compound contains a magnetic moment characteristic of a single unpaired electron 

 

a)

b)

c)

d)

e)

FIGURE 7.4: 13C MAS Hahn-Echo spectra of VO(acac)2, a) Experiment, b), with deconvolution 

fit that consists of, c), three methyl groups  d), a single methyl group and, e), two methine 

groups.  

Group δiso (ppm) FWHM(kHz) Ifit (%) Istoichiometry(%) 

CH 246 10.3 24.4 33.3 

CH3  -27.2 2.9 19.6 16.7 

3 x CH3 -52.6 3.2 56 50 
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which produces a smaller anisotropic dipolar contribution to the 1H signal and results in fewer 

spinning sidebands. The broad, intense 1H resonance in Figure 7.5 is attributed to the rotationally 

averaged signal from the methyl groups, Table 7.1. The signal from the methine group is not 

expected to be detected due to the large broadening from paramagnetic interactions (see Chapter 

8 for details). The sharp feature with low intensity at 1.5 ppm is attributed to an impurity. 

1H MAS NMR was presented as a sensitive probe of phase purity in Chapter 5 where 

multiple phases of Mn(acac)3 were readily detected. Signals in the range 30-50 ppm in Figure 7.5 

are attributed to β - V(acac)3, which is the commercially available form. The impurity-signal 

pattern matches the 1H MAS NMR of β - V(acac)3 form like a fingerprint, Figure 4.15, which 

 

β - V(acac)3

FIGURE 7.5: 1H MAS Hahn-Echo of VO(acac)2. Signals at 30-50 ppm are attributed to an 

impurity signal of β - V(acac)3. A low-intensity signal at 1.5 ppm is attributed to an unknown 

impurity. 
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supports the ability of 1H NMR to successfully detect low-concentration impurities in the solid 

state. In this case, the impurity level is estimated to be on the order of 3%. 

Table 7.1 summarizes the assignments from modeling the 13C and 1H MAS NMR spectra 

of VO(acac)2. The computed shifts are in a good agreement with experiments for both 13C and 

1H. A small magnetic moment of the single unpaired electron in the system leads to low 

sensitivity of the Fermi shift to the coupling constant according to equation 2.18. This measured 

sensitivity allows a greater error tolerance in prediction of the hyperfine-coupling constant, thus 

good agreement is obtained with computational modeling. 

Group 

13C 1H 

Acalc (MHz) 

{Aexp} 

δcalc
a)

 

{δexp} 

Acalc (MHz) 

{Aexp
b)} 

δcalc 

{δexp} 

 

CO 

6.81, 6.70 

6.29, 6.22 

{not observed} 

843, 833 

794, 786 

{not observed} 

 

  

 

CH 

1.22 217 

221 

{246(5)} 

1.29 36.1 

37.7 

{not observed} 
1.26 

{1.53(2)} 

1.36 

{not observed} 

CH3
 -0.901 

{-0.58(2)} 

-58.8 

{-27(3)} 

(0.21, -0.26, 0.23) 

{0.02, -0.06, 0.11} 
3.5 

3.5 

3.6 

3.8 

{2.4(5)} 
CH3

 

-0.918 
-60.5 

-60.7 

-60.8 

{-53(3)} 

(0.08, -0.23, 0.34) 

{0.03, -0.08, 0.11} 

-0.921 
(0.05, -0.19, 0.34) 

{0.03, -0.05, 0.08} 

-0.922 

{-0.84(3)} 

(0.10, -0.16, 0.28) 

{0.07, -0.09, 0.08} 

 

TABLE 7.1: 13C and 1H NMR of VO(acac)2 and the results of the DFT calculation. Calculated 

and experimental shifts are in ppm at a sample temperature of 55 ˚C. 1H and 13C shifts from the 

same functional groups are indicated and appear in the order as listed. 

a) Shifts were calculated according to equation 2.18. 

b) Couplings from individual hydrogens from the same methyl group are scaled to match the 

average experimental shift. 
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7.1.2 Spin-density distribution 

 Figure 7.6 shows the spin-density contour-plot for VO(acac)2 where a clear similarity is 

observed with the spin-density patterns for the d1-d3 M(acac)3 complexes, Chapter 4. According 

to the calculation, the electron occupancy at the vanadium ion is limited to dxy with less than 7% 

of unpaired electrons in other orbitals. The symmetry of the occupied orbital correlates with the 

proposed mechanism of spin distribution that is equivalent to those described in Chapter 4, 

where ligand orbitals interact with the d-orbital in the plane of the ligand. The structural 

distortion in VO(acac)2 with respect to the orbital symmetry of the transition metal, Figure 7.1, 

affects the effectiveness of the overlap between the metal-oxygen π* orbital and the carbonyl 

carbon as seen from the contour plot, Figure 7.6. Therefore, the contours at the carbonyl group 

are clearly less pronounced than in the M(acac)3 complexes, Figures 4.2, 4.12 and 4.17. The 

absence of significant overlap at the carbonyl significantly lowers its polarizing ability. As a 

result, the methyl and methine signals do not experience significant negative spin-densities, 

shown in Figure 7.6 as weak regions of negative spin-density.  

 

a) b) V

FIGURE 7.6: Spin-density isosurface, a), and a contour plot, b), of one of the acac ligands in 

VO(acac)2. 
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 The methine group experiences a net positive spin-density, in contrast to the observed 

signal of Ti(acac)3, where polarization dominates to yield a net negative spin-density, Figure 4.7. 

The positive spin-density of the methine can be attributed to the high occupancy of the dxy 

orbital, which is the major source of the unpaired spin-density in the vanadyl complex. This 

trend in metal-orbital occupancy and the spin density at the methine carbon is also observed in 

the d1-d3 M(acac)3 systems, Figure 4.19.  An additional contribution to the spin density at that 

site may be caused by the reduced strength of the spin polarization from the carbonyl groups. 

This is a direct consequence of the structural distortion that affects the spin-density distribution 

in the ligand while maintaining the overall spin-propagation mechanism. This is illustrated in 

Figure 7.7, where the spin density at the methine nucleus of the vanadyl complex is the greatest 

among all studied complexes despite the fact that the system has only a single unpaired electron.  

Experimental methyl-carbon spin-densities in Figure 7.7 are the least negative among all 

other metal complexes. This confirms our previous argument of the reduced-polarization effect 

due to the ligand tilt of 15° with respect to the symmetry of the vanadium dxy orbital. This 

reduction in polarized spin-density follows closely with the reduced delocalization as predicted 

for the carbonyl group, Figure 7.7. These predictions can be considered moderately reliable 

based on the overall sucess of the calculation as seen in Table 7.1. 

In summary, VO(acac)2 is unique among the metal acetylacetonates considered here as it 

provides additional variation to the local geometry around the metal center. 13C MAS NMR of 

VO(acac)2  shows a high sensitivity to the local structural distortion around the metal of the 

observed shifts, whereas 1H MAS NMR provides additional signal receptivity that can be used to 

estimate sample purity through the characteristic fingerprint pattern.  
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7.2 [Cu(Ac)2H2O]2, d9 + d9
  

 Copper acetate hydrate, [Cu(CH3COO)2]2(H2O)2, is the simplest case of an anti-

ferromagnetically coupled system with two spins. This binuclear complex is unique due to the 

proximity of the Cu(II) ions that are thought to form a δ-bond and complete each other’s 

coordination to a distorted octahedron [77]. The distance between the two metals is 2.61 Å and 

the complex has an antiferromagnetic coupling constant of J = 315 cm-1 [75]. This is the energy 

difference between the two spin-states that differ by the relative electronic alignments at each of 

the copper atoms, Figure 7.8. This is one of the most basic examples of a coupled model where 

the spin-only treatment of the magnetization is no longer adequate. The low-energy state of the 

complex is a magnetically inactive singlet-state that represents antiparallel alignment, whereas 
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FIGURE 7.7: Relation between spin density in the t2g orbital in the ligand plane and spin density 

at the carbon nuclei of the ligand for M(acac)3, where M = Ti, V, Cr in black. Spin density 

with added vanadyl data points uses red marks. Hollow marks indicate calculated predictions 

that are not observed experimentally. 
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the higher-energy state is a triplet, which is expected to influence the NMR spectra of 13C and 1H 

at room temperature. 

Powder EPR spectroscopy of this complex has been reported at 80 K with the following 

g-tensor principal components: gxx = 2.0545(3), gyy = 2.0792(2) and gzz = 2.3637(2). The 

complex contains an inversion center in the middle of the di-copper bond. This inversion 

symmetry leads to signal degeneracy of equivalent functional groups. Therefore, a single 

molecule of the complex is expected to produce two carbonyl and two methyl 13C signals with up 

to two methyl 1H signals, in addition to the water resonances.  

7.2.1 13C and 1H MAS NMR spectra 

 The 13C MAS NMR spectrum of [Cu(CH3COO)2]2(H2O)2 is given in Figure 7.9 where all 

four carbon resonances are resolved, in agreement with our expectation based on the crystal 

structure. All resonances are paramagnetically broadened and are outside the diamagnetic region, 

which indicates a significant contribution from the Fermi coupling and the influence of the high-

energy triplet state, Figure 7.8.  

FIGURE 7.8: Schematic energy diagram showing the antiferromagnetism in 

[Cu(CH3COO)2]2(H2O)2 

 

+Cu Cu

+

Singlet (S = 0)

Triplet (S = 1)

J = 315 cm-1

Cu Cu
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The unpaired electron reside in the dx2-y2 orbitals of each copper ion with the z-axis 

passing through the copper centers [75, 77]. Oxygen coordination from the acetate ligands forms 

a local environment resembling that of bis(acetylacetonato)copper(II), Chapter 6, where four 

oxygen atoms interact with the dx2-y2 orbital of the copper. Oxygen orbital interactions with the 

dx2-y2 symmetry at the metal involve σ*symmetry, which is considered a primary pathway of 

electron delocalization in Cu(acac)2. Further distribution of the spin density onto the carbon 

atoms can be interpreted as a close relation to the acetylacetonate analog, where the carbonyl 

group experiences competing delocalization/polarization effects, whereas the methyl is expected 

to experience their cooperative action, Figure 6.3. Thus, based on the preliminary arguments as 

FIGURE 7.9: 13C adiabatic double echo MAS NMR of [Cu(CH3COO)2]2(H2O)2. Calculated 

regions are based on susceptibility,χ, formulation from equation 2.19. 

 

CH3 CO
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learned from Cu(acac)2, the 13C signals at the negative Fermi-shift of [Cu(CH3COO)2]2(H2O)2 are 

attributed to the carbonyl groups, while the resonances at the positive Fermi-shifts are assigned 

to the methyl groups. 

 The 1H NMR spectrum of [Cu(CH3COO)2]2(H2O)2 is shown in Figure 7.10, where a 

single broad resonance is observed with a substantial paramagnetic shift of 16 ppm, indicating 

appreciable Fermi coupling. The two methyl groups are unresolved, and individual hydrogens 

are averaged by a fast rotational motion.  

 

 

FIGURE 7.10: 1H MAS Hahn-Echo spectrum of [Cu(CH3COO)2]2(H2O)2. 
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 The signal span of 1H NMR provides the first insight into the spin state of the molecule. 

Figure 7.11 shows the experimental dependence of the anisotropic 1H shift and the magnitude of 

the effective magnetic moment for various spin states of acetylacetonate complexes from S = ½ 

to S = 2. The span values in Figure 7.11 were obtained by analogy to the 1H fit of 

Co(acac)2·2H2O in Figure 6.1(Appendix). The relation follows from the dipolar contribution to 

the nuclear anisotropic signal according to equation 6.6, where an intercept in Figure 7.11 

constitutes diamagnetic contributions to the signal span, such as dipolar coupling, which is on the 

order of 60 ppm between two methyl protons [141], and chemical shielding, on the order of 5 

ppm for 1H signals in organic moeities [142, 143]. The comparison can be considered as 

reasonable within the point - dipole approximation as the metal-methyl distances are similar in 

all these structures and average at 4.67 ± 0.05 Å. The distance from the averaged methyl 
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FIGURE 7.11: Anisotropic 1H shift of M(acac)x where M  = Ti, V, VO, Cr, Mn, Ni, Co, Cu  

under the Herzfeld-Berger convention as a function of the square of the effective magnetic 

moment. 
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hydrogens to the metal in copper acetate is 4.66 ± 0.06 Å, which is comparable to that of the 

other acetylacetonate complexes. The slope in Figure 7.11 indicates an average distance between 

methyl hydrogens and the metal center of 4.59 ± 0.17 Å, which agrees well with the distances 

from crystal structures. The relatively small signal anisotropy of the copper acetate 1H NMR is 

indicative of the electron - nuclear dipolar contribution resembling that of the S = 0.4(2) ~ 1/2 

spin-state according to the linear fit in Figure 7.11. This is an indication that the magnetic 

moment of the molecule is quenched by the presence of the populated antiferromangetic spin-

state. 

 Measurements of the 1H signal span below 200 ppm in Figure 7.11 is not reliable due to 

the small number of spinning sidebands that can be used for the fit as a result of the fast MAS 

rate. However, the general linear trend of the span with the magnetic moment is retained from 

measurements past 200 ppm, which suggests that lower-span values are not recorded with 

significant deviation. An experimental way to accurately determine the signal span of a lower 

magnitude is to reduce the MAS rate. This produces more spinning sidebands for a fit of the 

span, Figure 2.7. Unfortunately, such  reduction in spinning frequency would lead to a significant 

change in sample temperature, on the order of 30°C, which would influence the dipolar 

contribution to the signal span according to equation 6.6. 

7.2.2 Spin-density distribution 

 Figure 7.12 shows the spin density of the triplet state of the copper acetate dihydrate 

molecule. The spin-density distribution can be interpreted through a series of interacting valence 

orbitals. The interaction between the acetate oxygens and the copper dx2-y2 orbital is clearly 

traceable and leaves the oxygen atom with a net positive spin-density in the high-energy s-
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orbital. This excess of positive spin-density then delocalizes further to the carbonyl carbon; 

meanwhile the polarization of the oxygen-carbon bond leaves the carbon site with a net negative 

spin-density. Both interactions compete and closely resemble the interactions in 

bis(acetylacetonato)copper(II), Figure 6.3. As a result, the carbonyl carbon of copper acetate has 

a net small negative spin-density, which confirms our previous assignment of the shift with the 

negative Fermi contribution. Polarization propagates further down the ligand to the methyl group 

and causes excess positive spin-density at the methyl, together with possible delocalization. 

Thus, the signal at positive Fermi-shift is attributed to the methyl group, Figure 7.9. 

 

FIGURE 7.12: Spin-density map of [Cu(CH3COO)2]2(H2O)2. Selected spin-density contours in 

the center; isosurface on the left. 

.  
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7.2.3 Description of the Fermi shift in a coupled spin-state 

 According to the equation 2.18, the Fermi shift has a scaling dependence on the magnetic 

moment of the sample. As we have seen previously, the magnetic moment can be altered by the 

spin-orbit coupling and zero-field splitting for systems with multiple unpaired spins, for 

example, Co(acac)2·2H2O, Chapter 6. For the antiferromagnetically coupled copper acetate, the 

magnetic moment is quenched by thermal averaging of low-lying states with different magnetic 

moments, Figure 7.8.  

Table 7.2 shows the results of calculations for the triplet state of the dicopper complex 

with various levels of theoretical treatment to show the effects of averaged spin-states on NMR 

shifts. The singlet spin-state is the low-energy state with no unpaired electrons, and thus its 

chemical shift contains only a diamagnetic component. The diamagnetic component of the triplet 

state differs slightly from that of the singlet as the two states lead to different electronic 

environments that influence the nuclear shielding. The Fermi coupling derived from the triplet 

state shows the ferromagnetic coupling where both spin-½ centers contribute to produce an S = 1 

state. The large magnetic-moment of this state leads to significant overestimation of the Fermi 

Group 
Acalc 

(MHz) 

Singlet  

δdia 

Triplet  

δdia  

Triplet 

δFermi  

S = 0.4(2) 

δFermi  

χ 

 δFermi  
δexp 

CO -3.29 171 183 -908 -254(160) -195 -160 

CO -2.81 166 177 -777 -218(140) -167 -130 

CH3 5.26 11.4 15.2 1452 406(260) 312 640 

CH3 6.85 2.60 5.10 1891 530(340) 407 654 

 

TABLE 7.2. 13C NMR of [Cu(CH3COO)2]2(H2O)2 and DFT calculation. Calculated and 

experimental shifts are in ppm at sample temperature of 55 ˚C.  



Oxobis(2,4-pentanedionato)vanadium(IV) and tetra-µ2-acetatodiaquadicopper(II) 

186 
 

coupling even with the calculated coupling constants. The effective spin-state derived from the 

anisotropic component of 1H MAS NMR has a large error but provides a better scaling factor to 

the calculated Fermi coupling and agrees better with the experimental shifts. 

Griffith[15] introduced a formulation for the magnetic susceptibility, χ, of a system with 

two coupled spin - ½  metal centers. His expression for the magnetic susceptibility is as follows: 

(7.1) 

 

where giso is the isotropic g-factor that is included in the expression to account for deviations 

from the spin-only value, NA is Avogadro’s constant and J is the electron spin-spin coupling 

constant. This equation can be substituted into equation 2.20 to give an expression for the Fermi 

shift: 

    (7.2) 

which is used to determine the theoretical shifts in Table 7.2. From equations 7.1 and 2.18 the 

effective spin-state of copper acetate can be derived from the relation: 

  (7.3) 

The solution gives S = 0.32, which is in agreement with the predicted S = 0.4(2) from the 

anisotropic component of the 1H MAS NMR, which was measured over all M(acac)x complexes 

in this thesis (Figure 7.11).  

Table 7.3 gives the hyperfine-coupling constants derived from the experimental shifts in 

Table 7.2, using equation 7.2. The calculated model underestimates the effect of spin 

χ =
g𝑖𝑠𝑜
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polarization as the carbonyl group has a more negative Fermi-coupling while the methyl has a 

greater positive coupling than predicted computationally. 

 

In conclusion, the antiferromagnetically coupled tetra-µ2-acetatodiaquadicopper(II) 

complex shows the transferability of MO interaction principles to help in assignment of solid-

state NMR resonances of paramagnetic systems. The 13C NMR of the dicopper complex 

produces resonances and spin-density contour-maps, which are directly related to the previously 

studied Cu(acac)2 complex. The electron-electron coupling in this complex can be taken into 

account by considering the Boltzmann distribution of states, equation 7.1, which describes the 

effect of the coupling on the magnetic susceptibility. This approach can be used for spectral 

interpretation of coupled and mixed-state systems. 

 

Group 13CAcalc (MHz) 13CAexp (MHz) 

CO -3.29 -5.7(2) 

CO -2.81 -5.2(2) 

CH3 5.26 10.5(3) 

CH3 6.85 10.8(3) 

 

TABLE 7.3. Fermi-coupling constants of 13C sites in [Cu(CH3COO)2]2(H2O)2 as derived with 

equation 7.2. 
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Chapter 8: Understanding signal width in 

paramagnetic coordination compounds 

8.1 Multiple-point-dipole model 

Small paramagnetic molecules are closely packed in the solid state such that unpaired electron(s) 

on neighboring molecules have a non-negligible dipolar interaction with NMR-observed nuclei. 

In this scenario, a point-dipole approximation with a single paramagnetic center may no longer 

give an adequate description. An alternative approach was given in Chapter 6, where the 

pseudocontact shift is calculated using anisotropic hyperfine-coupling. This approach accounts 

for the effect of electronic distribution outside the metal center on the observed pseudocontact 

shift at a nucleus. To account for the effects of nearby molecules, they would need to be added to 

the calculation, at which point it becomes impractically time-restrictive even with efficient 

hybrid-DFT functionals. A tris(acac)metal complex contains 43 atoms, whereas if one such 

molecule is modeled with the surrounding molecules in crystal, the number of atoms to be 

modeled suddenly becomes on the order of 900, which is equivalent to months of computational 

time. This calculation was attempted with 64 processors and 100 GB hard-disk space, but failed 

after several weeks during the calculation of the hyperfine interaction, as the program ran out of 

disk space. Another alternative is to expand the point-dipole model from a single point to include 

multiple points in the crystal structure, where individual points are approximated from atomic 

positions. Each individual atom in the structure is treated as a source of some unpaired electron-

density, which is calculated using Natural Population Analysis (NPA) [117]. The electron-
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nuclear dipolar contribution is calculated separately from each atomic position with the point-

dipole model and all contributions are summed to yield the net contribution to the nuclear 

relaxation. The modified expression may be referred to as the multiple-point-dipole model 

(MPDM), which I expressed by equation 8.1. The quantity of unpaired electrons is ρ = 2S, which 

is unique to individual atomic positions in the crystal as calculated by NPA. The new equation 

has the following simplified form based on equation 2.30: 

(8.1) 

where ραβ
i = 2S is the density of unpaired electrons at a particular atom location i with the sign of 

the spin density retained, n is the number of atoms within a selected interaction sphere, and ri is 

the distance from the observed nucleus to the atom position with the unpaired spin-density within 

the interaction sphere, giso is the isotropic g-value, and Te is the electron-relaxation time. An 

appropriate choice of the cutoff for the sphere that surrounds a given nucleus in a solid can 

provide a realistic account of the paramagnetic dipolar contribution. An illustration of the sphere 

projection that includes the first molecular coordination in the solid is shown in Figure 8.1. Here, 

20 entire molecules of Cr(acac)3 are included, which constitute the full set of nearest-neighbor 

molecules to that for which the nuclear property is being calculated. In all complexes in this 

thesis, the interaction sphere has a radius of 20 Å, which meets the convergence criterion of < 

1%, as shown in Figure 8.2 for Cr(acac)3. In addition to probing long-range dipolar interactions 

with distant molecules, equation 8.1 attempts to account for close-range interactions with 

neighboring atoms that host non-negligible unpaired electron-spin density. In the limit of the 

absence of such long-range and short-range effects, equation 8.1 reduces to equation 2.33 where 

unpaired electrons are assumed to be located solely at the paramagnetic center. 
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FIGURE 8.1: Interaction sphere in a Cr(acac)3 crystal that includes the first molecular 

coordination sphere [61]. 
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8.2 Modeling NMR signal width in Ti(acac)3 

The signal width of the isotropic resonance in solid-state NMR of a paramagnetic solid is 

intrinsically tied to their electron and nuclear relaxations. Electron relaxation acts as a scaling 

factor in both the Fermi and electron-nuclear dipolar mechanisms of nuclear transverse 

relaxation, equations 2.29 and 2.33, which is related to the signal width via (πT2)
-1. The inverse 

dependence between the two relaxation parameters makes EPR and NMR techniques 

complementary in the study of the hyperfine-coupling interactions. For the purposes of this 

work, short relaxation times for the electron are desired as they lead to increased transverse 

nuclear relaxation, which ultimately leads to narrower NMR lines and greater signal resolution. 

By implication, broad EPR peaks at low experimental temperatures can be considered promising 

for solid-state NMR experiments as they imply favorable relaxation for nuclear magnetic 

resonances, and have improved NMR resolution (Chapter 2 [5]). 

8.2.1 13C MAS NMR  

 According to our previous discussion of 13C MAS NMR of Ti(acac)3, Chapter 4, the 13C 

signal has a significant Fermi-contact interaction and broadening of resonances. The Fermi-

contact shift is attributed to singly occupied metal orbitals and can be estimated from the 

observed NMR shift, assuming that the pseudocontact shift is negligible. Figure 8.3a gives a 

comparison of the measured and DFT-calculated Fermi-couplings for the observed resonances. 

This figure shows that the calculated Fermi-couplings agree consistently with the experimental 

values. NMR- derived Fermi-coupling constants are used to express the Fermi contribution to the 

signal width according to equation 2.29. The NPA calculation together with the known crystal 

structure is sufficient to provide an expression for the dipolar contribution to the paramagnetic 
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width via equation 8.1. As both Fermi and dipolar expressions share a common parameter, the 

electronic relaxation time Te, its value is fitted to obtain the best agreement among all signal 

widths in 13C MAS NMR.  The fit is defined by the equation: 

 

where the diamagnetic contributions to the width, 𝛥𝜐1/2
𝑑𝑖𝑎, are approximated from 13C{1H} CP 

MAS NMR of Al(acac)3, Table 8.1(Appendix). Using the experimental Fermi contact coupling 

for all calculations, the only remaining variable in the fitting procedure is the electronic 

FIGURE 8.3: a) 13C Fermi coupling constants in Ti(acac)3. b) Comparison of the two model 

schemes for the signal width in 13C MAS NMR of Ti(acac)3. Presented widths are from the 

experiment (Exp), point-dipole model (PDM) and multiple-point-dipole model (MPDM). 

Detailed values are given in Table 4.2 and Appendix Table 8.1.  

 

0

1

2

3

4

5

6

7

ν½
 (

kH
z)

Exp
Diamagnetic
Fermi
Dipolar

-4

-2

0

2

4

6

8

A
 (

M
H

z)

Exp

Calc

CH3

CH

CO
a) b)

CO

CH CH3

𝛥𝜐1/2  =
 1

𝜋𝑇2𝐹
+

 1

𝜋𝑇2𝐷
+ 𝛥𝜐1/2

𝑑𝑖𝑎  



Spin-density arithmetics 

193 
 

relaxation time. Te values evaluated using both models - PDM and MPDM - are compared in the 

Appendix tables.  

Figure 8.3b compares of two fitting models for signal width in 13C MAS NMR of 

Ti(acac)3. The point-dipole model (PDM) is governed by the distance between a single metal and 

the nucleus of interest.  The multiple-point-dipole model (MPDM) is our proposed extension of 

PDM that incorporates additional delocalized spin-density on the ligand and from nearby 

molecules in a solid. The degree of the delocalization is calculated with NPA within the same 

energy calculation that was used to find the Fermi-coupling constants in Figure 8.3a. Signal 

widths in Figure 8.3b and the following figures are averaged for individual functional groups for 

visual clarity. Actual fits per experimentally observed signal are given in Appendix tables. 

According to Figure 8.3b, both theoretical methods agree on the Fermi-coupling contribution as 

being the major source of 13C MAS NMR signal width in Ti(acac)3 of the carbonyl group, which 

may seem counterintuitive at first as the carbonyl group is the closest to the transition metal and 

therefore one might assume it to have a strong contribution from electron-nuclear dipolar 

interaction. However, the combination of the large Fermi-coupling, that boosts the Fermi 

contribution according to equation 2.26, and low magnetogyric ratio of 13C (compared to 1H, see 

below), that lowers the dipolar contribution according equation 8.1, leads to the dominant 

contribution of the Fermi coupling to 13C peak width. 

The overall order of signal widths is estimated correctly by both models: the carbonyl-

group signals have the largest width, followed by the methine and methyl signals. This is 

attributed to the small impact of the dipole contribution to signal broadening, which is the major 

difference between the two models. The dipolar contribution from the MPDM has an overall 

greater magnitude than that of the simple point-dipole model, which is expected as MPDM 
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includes contributions from molecules within the 20 Å radius. Nevertheless, both methods 

provide a relatively close fit for the electron-relaxation parameter, on the order of 55 – 65 ps. 

This is considerably shorter compared to the linewidth estimate from EPR in a frozen solution at 

77 K, where Te is estimated to be on the order of a nanosecond [59]. However, the estimate 

provided by EPR may not agree with our high temperature/high field-based value, as these 

conditions are known to shorten the electronic relaxation by introducing additional spin 

relaxation pathways [96]. 

8.2.2 1H MAS NMR  

The signal width of the 1H MAS NMR resonances of Ti(acac)3 can be fitted by analogy 

with 13C MAS NMR. Both 1H and 13C MAS NMR spectra are expected to show identical 

electronic relaxation, as this parameter is independent of the choice of the NMR nucleus. The 

diamagnetic width of the 1H resonances is approximated from the 1H MAS NMR of Al(acac)3 

under similar experimental conditions. Figure 8.4a presents a summary of the experimentally 

estimated (in the absence of the pseudocontact shift) Fermi-contact couplings that are used in the 

evaluation of the Fermi contribution to the signal width. Fermi couplings from individual protons 

on methyl groups are scaled accordingly to provide the appropriate averaged-shift, while 

retaining their relative magnitude, as there is no practical way to experimentally determine Fermi 

couplings of individual 1H signals due to the rapid rotation of the methyl group. This rotation can 

also lead to partial averaging of the paramagnetic dipolar coupling if the rotational frequency is 

on the order of the dipolar-coupling frequency. According to Figure 8.4a the Fermi coupling of 

1H shows close agreement with experimentally derived values, consistent with the accuracy of 

13C-coupling predictions, Figure 8.3a. An accurate account of the spin-density distribution is 
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essential for modeling its effects on the dipolar contribution to the isotropic width with the 

MPDM according to equation 8.1. 

Figure 8.4b compares the signal widths in 1H MAS NMR of Ti(acac)3 for the two 

models. The PDM model does surprisingly well and estimates the electronic relaxation to be on 

the order of 55 ps based on 13C NMR and 65 ps based on 1H NMR experiments, which suggests 

that the long-range interaction does not play a significant role in this system. The MPDM model 

significantly overestimates the dipolar width for the methine group. The cause of this 

discrepancy is the predicted presence of the large spin-density at the aromatic orbital of the 
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methine carbon, which dominates the predicted width of the 1H as its next-nearest neighbor. A 

detailed NPA gives the pseudoaromatic methine spin-density as ραβ = - 0.01, which is almost an 

order of magnitude greater than the total spin-density at the methyl carbon, where ραβ = - 0.002. 

The dipolar contribution from the spin-density at the methine carbon dominates the contribution 

from the metal center due to the difference in their proximity. The scaling factor ρ(ρ+2)/r6 for the 

methine-carbon dipolar contribution to the methine 1H width is found to be three orders of 

magnitude greater than that from Ti3+. This shows the level of accuracy required to model the 

signal width in solid-state paramagnetic NMR: an accurate account of the spin density 

distribution is crucial. Despite having a computational model that does well at predicting Fermi-

coupling constants at each nuclear site, the spin density at other atomic orbitals with l  > 0 may 

still have significant error, which will affect the anisotropic hyperfine-coupling. 

8.3 Modeling NMR signal width in β - V(acac)3 

Analysis of signal widths in 13C and 1H MAS NMR spectra of β-V(acac)3 is similar to 

that of Ti(acac)3. A comparison of averaged computed and experimental 13C and 1H Fermi-

coupling constants of V(acac)3 is given in Figure 8.5, with the detailed values available in Tables 

8.5 – 8.8 (Appendix). The overall quality of the computational modeling is satisfactory, as the 

calculated Fermi-couplings are in a close agreement with those derived from NMR experiments. 

  Figure 8.5b shows comparisons of the 13C signal widths in β-V(acac)3 calculated by the 

two models. The results of both methods are similar due to the low significance of the 

paramagnetic dipolar coupling to the signal width of 13C resonances. Both methods give the 

electronic relaxation on the order of 20 ps, which is even shorter than that of Ti(acac)3. Despite 

having a larger number of unpaired electrons, V(acac)3 resonances are narrower than those of 
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Ti(acac)3 due to a shorter relaxation time and a smaller magnitude of the Fermi coupling, Figures 

8.5a and 8.3a. Low values of Fermi coupling in methine and methyl groups ensure that the signal 

width is dominated largely by the electron-nuclear dipolar coupling and other diamagnetic 

couplings. This finding is a similar to that of Ti(acac)3 in that the width of the carbonyl group is 

once again heavily dominated by the Fermi interaction and not the dipolar term.  

 Figure 8.5d shows a comparison of the 1H NMR peak widths, which again shows 

inconsistent results for the dipolar coupling of the methine group by the MPDM. The lack of 
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agreement is attributed to the large spin-density in the pseudoaromatic orbital of the methine 

carbon, which is on the order of -0.01 electrons. This is a smaller value than that calculated for 

Ti(acac)3, and thus the error in the dipolar component is also smaller in magnitude for V(acac)3, 

Figures 8.4b and 8.5a. Nevertheless, both 1H and 13C peak-widths show overall agreement with 

the electronic relaxation time for V(acac)3, which is within the 20-30 ps under the experimental 

conditions used here. 

8.4 Modeling NMR signal-width in Cr(acac)3 

Figure 8.6a,c gives a summary of the calculated and experimentally derived Fermi 

couplings of 13C and 1H in Cr(acac)3. The signs of the Fermi-coupling constants and their relative 

magnitudes are predicted reliably with the hybrid functional calculation, however the coupling at 

the methine 13C lacks in accuracy (Figure 8.6a). However, this does not significantly 

compromise the analysis of the signal width in 13C MAS NMR, Figure 8.6b, as both MPDM and 

PDM indicate the dominance of dipolar coupling to the nuclear relaxation. Acceptable agreement 

of signal widths for both observed 13C resonances confirms the overwhelmingly broad resonance 

of the carbonyl group, which is experimentally unobserved, Figure 4.18. As both fitting models 

clearly indicate in Figure 8.6b, the dominant contribution to the signal width of this group is the 

Fermi-coupling interaction, despite the proximity to the metal center. 

1H MAS NMR of Cr(acac)3 in Figure 4.20 shows a broad featureless resonance, which is 

strongly affected by paramagnetic broadening. Figure 8.6c shows good agreement between the 

averaged calculated methyl 1H Fermi-coupling and the observed average resonance, which is 

attributed primarily to the methyl groups as they have most protons in the structure. The 

resonance-width agreement of 1H in this case is highly uncertain due to a severe overlap of all 
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resonances, but even in these conditions, both fitting models give results similar to previous 

cases. The PDM indicates the dominant effect of the electron-nuclear dipolar contribution and 

estimates the width of the methine signal to be on the order of that of the methyl group. Whereas 

the methine signal from MPDM is highly overestimated, judging from the significant occupancy 

of the pz-orbital at the methine carbon, + 0.007, its similar to the trend in the titanium and 

vanadium cases. 

The signal of the EPR resonance is narrow, implying a relatively long electronic-

relaxation time, on the order of nanoseconds [144]. This is in accord with our NMR spectra 

having appreciable signal-widths due to electron-nuclear interactions and long electron-

 

FIGURE 8.6: a) 13C and c) 1H Fermi-coupling constants in Cr(acac)3 and comparison of the two 

models for the signal width in b) 13C and d) 1H MAS NMR of Cr(acac)3. Detailed values are 

given in Table 4.5 and Appendix Tables 8.5 and 8.6. 
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relaxation times found from 13C NMR (500-700 ps) and 1H NMR (350 - 950 ps) (see Tables 8.5, 

8.6 in Appendix for details).  

8.5 Modeling the NMR signal-width in 𝛾-Mn(acac)3 

The electron-relaxation time in Mn(acac)3 was estimated from a solution 1H NMR 

experiment on a Mn(acac)3/acetone mixture in magnetic fields of up to 1.1 T [58]. The electronic 

relaxation was 8(2) ps in the temperature range 215-303 K. Such a low and temperature-

independent relaxation time is consistent with the lack of signal resolution in EPR experiments 

[65, 145], and suggests that fast electronic-relaxation will lead to sharp solid-state NMR signals, 

as observed in the 13C MAS NMR spectrum of Mn(acac)3, Figure 5.4.  

A breakdown of the Fermi couplings and contributions to the signal widths of 13C and 1H 

resonances is given in Figure 8.7. Manganese has four unpaired electrons in a highly Jahn-Teller-

distorted pseudo-octahedral coordination, which produces a significant variation in Fermi-

contact shifts among the same functional groups of the ligand. From Figure 8.7a, c, it can be seen 

that the calculation provides an overall correct distribution of Fermi-coupling constants, but the 

relative magnitudes of these couplings do not agree as well as in systems with fewer unpaired 

electrons due to the increased complexity of modeling systems with a large number of unpaired 

electrons [93]. 

Modeling 13C and 1H signal widths is given in Figure 8.7b, d, where the fits follow 

experimental values qualitatively in both NMR spectra. The 13C peak-widths are dominated 

largely by substantial Fermi coupling, as opposed to the 1H signals, where Fermi coupling is 

relatively small, and the electron-nuclear dipolar coupling dominates the signal width. All 

models of relaxation indicate electronic-relaxation times in the 5 – 45 ps range, which is a large 
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variation but includes the previously reported estimate of 8(2) ps [65]. Modeling a short 

relaxation-time requires greater knowledge of other possible signal-width contributions, such as 

variations due to signal overlap, sample temperature, degree of sample crystallinity, an accurate 

account of the diamagnetic contribution to the width, and possible effects of an anisotropic 

magnetic-moment of the rotor packed with a sample having a large magnetic-moment [105]. 

With all these considerations and based on our previous modeling results for the Ti, V and Cr 

acac complexes, the model provides a general order-of-magnitude estimate of the electronic-

relaxation, which may be sufficient to rationalize the relative contributions to the observed 

signal-widths and indicate possible issues with the signal detectability in NMR and EPR.  

 

FIGURE 8.7: a) 13C and c) 1H Fermi-coupling constants in Mn(acac)3 and a comparison of the two 

models for the signal widths in b) 13C and d)  1H MAS NMR spectra of Mn(acac)3. Detailed 

values are given in Table 5.2 and Appendix Tables 8.7 and 8.8. 
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8.6 Modeling NMR signal width in Fe(acac)3 

No 13C MAS NMR signal could be obtained for solid Fe(acac)3, and a single featureless 

broad peak was obtained in the 1H MAS NMR spectrum. Here, we use calculated results to 

attempt to explain the lack of a 13C signal through modeling of the signal width of the observed 

1H resonance. As we have seen previously, both 1H and 13C NMR have the same electronic-

relaxation time which can be used as a fitting parameter to interpret observed-resonance widths. 

In this example, I shall use both PDM and MPDM to estimate the electronic-relaxation time, and 

using the calculated 13C Fermi-coupling of Fe(acac)3, provide estimates of signal widths for the 

13C MAS NMR spectrum. 

Figure 8.8a shows the averaged experimental and calculated Fermi-coupling constants. 

Although the absolute error in the coupling is not significant, on the order of 0.1 MHz, the 

difference between the calculated and the experimental values indicates that the fit is not 

satisfactory. Widths of 1H signals are estimated in Figure 8.8b where both models indicate the 

dominance of the dipolar mechanism. The PDM estimates the electronic relaxation to be on the 

order of a nanosecond, whereas MPDM gives a much smaller value of 80 ps. The most likely 

explanation for such a difference is the lack of accuracy in estimates of the spin-density 

distribution in the ligand orbitals. Experimental EPR suggests a long relaxation time for 

Fe(acac)3 with an isotropic g-value of 2 [56], and thus the PDM seems more reliable in this 

scenario.  

Figure 8.8c shows predictions of 13C signal-widths for Fe(acac)3 estimated from 

electronic-relaxation times from 1H width-fitting. PDM clearly indicates that all 13C resonances 

are expected to have widths exceeding 25 kHz, which would not be detectable under my 
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experimental conditions. Predictions from MPDM give values in the range 5 – 7 kHz, which 

should be detectable, but with low signal intensity. A good example of such a spectrum is 13C 

MAS NMR of Cr(acac)3 (Figure 4.18). Despite the large discrepancy in electronic relaxation-

time, both fitting methods indicate that the 13C resonances of Fe(acac)3 are expected to be either 

broad or not detectable. Additional experimental data from EPR should provide a better 

indication of the expected magnitude of the electronic relaxation. 

8.7 Modeling signal-widths in Co(acac)2·2H2O 

 The cobalt complex has a significant anisotropy in its g-tensor and an appreciable zero-

field splitting, therefore, any reliable theoretical treatment of the observed shifts requires 

FIGURE 8.8: a) 1H Fermi-coupling constants in Fe(acac)3 and the comparison of the two models 

for the signal width in b) 1H and c) 13C MAS NMR of Fe(acac)3. Detailed values are given in the 

Appendix Tables 8.9 – 8.11. 

 

 

-0.1

-0.05

0

0.05

0.1

A
 (

M
H

z)

Exp

Calc

0

10

20

30

40

50

60

Exp PDM MPDM Exp PDM MPDM

ν½
 (

kH
z)

Exp
Diamagnetic
Fermi
Dipolar

CH3

CH

a)

b)

c)

CH3

CH

CO

0

10

20

30

40

50

60

70

80

90

100

ν½
 (

kH
z)

N
o

t 
o

b
se

rv
ed

N
o
t 

o
b
se

rv
ed CH3

CH

1H

1H

13C



Spin-density arithmetics 

204 
 

consideration of these effects. The values of the Fermi-coupling constants that were derived 

experimentally using these formulations are given in Tables 8.12 and 8.14 (Appendix) where the 

range of the Fermi coupling includes the difference between the two methods of evaluation of 

the pseudocontact shift as discussed in Chapter 6. Luckily, for the evaluation of the signal widths 

in 13C and 1H NMR, the discrepancy between the two methods is small, Figure 8.9, where all the 

signal widths, apart from the methyl 13C, are dominated by dipolar coupling. The variation in the 

methyl 13C Fermi-coupling between the two methods of evaluation is on the order of 10%, Table 

8.12, which is insufficient to cause major changes to the overall fit of the electron-relaxation 

parameter. 

 Both models for fitting the widths of the NMR signals indicate that the electronic-

relaxation time of the cobalt complex is short, on the order of 20-50 ps. Such a short relaxation-

FIGURE 8.9: a) 13C and c) 1H Fermi-coupling constants in Co(acac)2·2H2O and comparison of the 

two models for the signal width in b) 13C and d) 1H MAS NMR of Co(acac)2·2H2O. Detailed 

values are given in Appendix Tables 8.20 – 8.23. 
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time can be rationalized by the presence of multiple electronic microstates, as the d7 system has a 

highly uneven occupancy of the electronic-energy levels, Figure 6.15. This accessibility of 

multiple electronic states promotes electron-spin relaxation [96]. The same was observed in 

Ti(acac)3 and V(acac)3 complexes, where short electron-relaxation times were estimated from 

13C and 1H NMR (see above). Whereas in the Cr(acac)3 and Fe(acac)3 complexes, the complete 

occupancy of degenerate states by unpaired electrons, Figures 1.4 and 1.7, restraints electrons 

from accessing excited states at room temperature, as a result these complexes show broad 13C 

and 1H NMR resonances and long electron-relaxation times (see above).  

8.8 Modeling NMR signal-width in Ni(acac)2·2H2O 

Ni(acac)2·2H2O has a short electronic-relaxation time at room temperature, which was 

measured to be on the order of 10 ps and attributed to relaxation due to zero-field splitting [134]. 

FIGURE 8.10: a) 13C and c)  1H Fermi-coupling constants in Ni(acac)2·2H2O and comparison of 

the two models for the signal width in b) 13C and d) 1H MAS NMR of Ni(acac)2·2H2O. Detailed 

values are given in Table 6.2 Appendix Tables 8.16 and 8.17. 
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Figure 8.10 shows the fits for the 13C and 1H resonance widths that can be achieved with the two 

models for the dipolar contribution. In each case for both nuclei, the widths are fit to acceptable 

accuracy allowing the estimation of electronic relaxation time to be on the order of 10-45 ps, 

which is in agreement with the literature value [134].  

8.9 Modeling NMR signal-width in Cu(acac)2 

Model fitting can provide insight into the paramagnetic relaxation of the Cu(acac)2, 

which can provide an additional justification for the lack of an observable 13C methyl signal in 

Figure 6.1. Figure 8.11 gives a summary of the 1H and 13C signal-widths and the Fermi-contact 

couplings. The performance of the MPDM in this case is poor as the signal widths are poorly 

FIGURE 8.11: a) 13C and c) 1H Fermi-coupling constants in Cu(acac)2 and a comparison of the 

two models for the signal width in b) 13C and d) 1H MAS NMR of Cu(acac)2. Detailed values are 

given in Table 6.1 and Appendix Tables 8.18 and 8.19. 
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predicted in both 1H and 13C NMR. This model yields a low value of the electronic relaxation to 

be on the order of 10 ps (1H NMR) and 50 ps (13C NMR), whereas the PDM provides a much 

greater estimates of 600 ps (1H NMR) and 200 ps (13C NMR). The agreement between either of 

these values is poor, which suggests an inadequate description of the electron-nuclear dipole 

interaction. Nevertheless, according to Figure 8.11b, the width of the methyl-carbon signal is 

predicted to be at least 12 kHz according to the low electron relaxation value of the MPDM, 

whereas the PDM calculates it to be on the order of 49 kHz. These estimates support the lack of 

observed 13C NMR signal from the methyl group due to significant broadening from the Fermi 

interaction.  

8.10 Modeling NMR signal-width in VO(acac)2 

Broad resonances in 13C and 1H MAS NMR experiments for VO(acac)2 suggest a long 

electronic-relaxation time. Figure 8.12 gives the 13C and 1H MAS NMR signal widths with the 

two fitting models to identify the scale of this electronic relaxation. The modeling produces a 

reliable fit to the measured Fermi-coupling, and the order of the widths is predicted correctly by 

both the MPDM and PDM methods. The observable 1H spectrum is dominated by dipolar 

broadening, whereas a significant contribution from the Fermi shift makes the methine signal too 

broad to be detected. Observed widths in 13C NMR are largely dominated by the Fermi coupling 

and consequently, the largest contribution is expected in the carbonyl group, making the 

resonance too broad for detection. The electronic relaxation is on the order of 900-3300 ps 

depending on the fitting model and NMR nucleus, which is the longest electronic-relaxation time 

among all complexes in this thesis. ENDOR experiments performed on this complex in frozen 
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solution at 30 K yield well-resolved hyperfine signals, suggesting relaxation times on the order 

of microseconds [146].  

8.11 Modeling NMR signal-width in [Cu(CH3COO)2]2(H2O)2 

 The coupled copper centers in [Cu(CH3COO)2]2(H2O)2 have a reduced magnetic moment 

due to partial antiferromagnetic coupling at room temperature. This reduction in the effective-

spin value affects the magnitude of both the Fermi and dipolar paramagnetic contributions to the 

nuclear resonance width. According to equations 2.29 and 2.33 both terms have the S(S+1) 

factor which is directly related to the effective magnetic moment of the complex. Figure 8.13 

shows the fit of the nuclear relaxation with the two models for the dipolar contribution. Between 

the 13C and 1H NMR data, the MPDM does better at fitting the observed widths and provides a 

FIGURE 8.12: a) 13C and c) 1H Fermi coupling constants in VO(acac)2 and the comparison of the 

two modeling schemes for the signal width in b) 13C and d) 1H MAS NMR of VO(acac)2. 

Detailed values are presented in Table 7.1 and Appendix Tables 8.20 and 8.21. 
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small value for the electronic relaxation, on the order of 12-18 ps, whereas the PDM fit of the 

electronic relaxation varies between 20 ps for the 13C fit and 250 ps for the 1H fit. As the width 

of the 13C resonances is consistently dominated by the Fermi contribution, as we have seen in the 

majority of the complexes, the relaxation time predicted from both models is expected to be 

more accurate for the 13C experiment. Thus the most reliable value for the electronic relaxation 

in copper acetate hydrate is on the order of 12-20 ps.  

8.12 Conclusion 

The overall performance of the PDM is acceptable for approximating the magnitude of 

the electronic relaxation in solid paramagnetic M(acac)x complexes. The MPDM appears to be 

FIGURE 8.13: a) 13C and c) 1H Fermi-coupling constants in [Cu(CH3COO)2]2(H2O)2 and 

comparison of the two model for the signal width in b) 13C and d) 1H MAS NMR of  

[Cu(CH3COO)2]2(H2O)2. Detailed values are given in Table 7.3 and Appendix Tables 8.22 and 

8.23. 
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heavily influenced by the quality of the computational prediction, i.e. the accuracy of the Fermi 

coupling prediction and the NPA, and needs further improvements before it is useful. A potential 

improvement could be to account for the distribution of the spin density around a given atom, 

thus moving away from the point charge approximation. Nevertheless, both models provide a 

general estimate of the relative magnitudes of the Fermi and dipolar contributions to the signal 

width. In addition, such estimates of electronic relaxation can be used as an initial guide to 

modeling NMR spectra of other nuclei in the analyzed molecule (e.g. 17O), which may help 

identify potential benefits and limitations prior to the spectral acquisition.  

Long electronic relaxation times are a serious limitation on the applicability of 

paramagnetic solid-state NMR, as they lower signal resolution and intensity. The current results 

suggest that without an experimental way of influencing the electronic environment, long 

electronic relaxation can be qualitatively predicted based on electronic environments and 

relevant EPR experiments. Such experiments would need to be performed under similar 

experimental conditions as NMR - such as high magnetic field, near-room temperature and in the 

solid state. Thus, a likely candidate would be high-field, room-temperature EPR measurements 

of a single crystal. A successful EPR experiment could then be used to estimate the magnitude of 

the electronic relaxation time, which could be applied in a preliminary NMR spectral simulation 

to assess its detectability. 
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Chapter 9: Spin-density arithmetics 

Throughout this thesis, I have dealt with nearly every high-spin configuration of metal ions 

complexed to acetylacetonate ligands, and have provided a detailed explanation for the spin-

density distribution with respect to the electronic configuration. I have used the spin-density 

contour-maps to show the dominant molecular-orbital-based mechanisms, that are responsible 

for the observed Fermi shifts in solid-state NMR spectra of paramagnetic coordination 

complexes. In order to illustrate the transferability of these principles to other paramagnetic 

systems, I propose a simplified model for understanding the Fermi spin-density in idealized 

metal-acetylacetonate complexes, i.e. in the absence of distortions between chemically 

equivalent functional groups. The proposal uses the general idea that the electronic occupancy at 

the transition metal may be understood as the sum of the contributions from the individual metal 

d-orbitals. This model is simplified as it does not provide an account of any degeneracy in t2g 

electronic-energy states, nor does it account for the structural distortions present in different 

complexes.  

9.1 Expressing spin-density of the dz2 orbital 

Mechanisms of spin-distribution pathways were developed that involve in-plane t2g 

orbitals (Ti, V, Cr), a combination of both eg orbitals (Ni) and an individual dx2-y2 orbital (Cu). In 

this last section, an evaluation of the contributions from the dz2 orbital to Fermi coupling of the 

acetylacetonate ligand will be presented in order to complete the series. As was shown in 

Chapter 4, the occupancy of the unpaired spins in the in-plane t2g orbital has a direct effect on the 

Fermi coupling at 13C in the backbone of the ligand. Therefore, not only the metal-orbital 
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symmetry is responsible for the observed Fermi coupling, but also its degree of occupancy for 

sharing the unpaired spin-density with the ligand. 

The unpaired electron-spin density at the nucleus can be considered a somewhat over-

simplified definition for a description of the Fermi spin density. The orbital density changes as a 

function of the distance from the metal [147] and the size of the nucleus can play a part in 

affecting the Fermi spin-density. Equation 2.21 assumes that the nucleus can be treated as a point 

charge, thus the spin density is assumed to be constant throughout the core. The relativistic 

contraction of electron orbitals in high -Z atoms can cause admixture of L > 0 orbitals into the 

Fermi-coupling relation, essentially breaking the point-charge approximation [148]. To avoid 

this problem, the spin density at the nucleus will be expressed through the isotropic hyperfine 

coupling and the total electron spin. The term AisoS/giso retains the information about the 

unpaired spin-density for a given nucleus while keeping it independent of the total spin-state of 

the system; thus the term can be compared directly for different complexes. 

With this normalization, the isolated contribution of the dz2 orbital to the xy-ligand can be 

expressed as the difference between the Ni(acac)2·2H2O and Cu(acac)2 spin-densities. The nickel 

complex contains the aggregate effect of both orbitals on the Fermi coupling, therefore by 

subtracting the contribution from the dx2-y2 orbital, the remaining coupling is expected to 

originate from dz2. This contribution can be expressed through experimentally derived Fermi-

couplings and the giso, with the results given in Table 9.1. By analogy, the dz2 orbital contribution 

can be expressed as the difference between the Mn3+ and Cr3+
 complexes. Mn3+ is known to have 

dxy, dyz. dxz and dz2 orbitals occupied in the γ-phase, whereas Cr3+ has full occupancy of only the 

dxy, dyz, and dxz orbitals. The difference between these complexes is also expected to give the 
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contribution of the dz2 orbital. However, their cases differ by the net metal charge, which is 

known to affect the energy levels of d-orbitals, and thus will have an effect on the magnitude of 

the d-orbital interaction with the ligand [15]. Table 9.1 gives the results of both evaluations of 

the dz2 orbital contribution. Unfortunately, not all signal coupling was observed experimentally, 

thus only the spin density at the methine carbon can be compared reliably. The methine indicates 

a small variation in the magnitude of the Fermi density, but the variation can be considered 

insignificant in light of the assumptions that were used here. This variation is of a similar 

magnitude to a good-fit hybrid DFT calculation. Values for the methyl and carbonyl groups had 

to be inferred in part from calculated Fermi-coupling constants as the carbonyl 13C signal was 

not observed in Cr(acac)3 and the methyl 13C signal was not observed in Cu(acac)2. Nevertheless, 

according to Table 9.1, both estimates of the dz2 orbital contribution agree that the methine 

Fermi-shift is expected to be larger than the Fermi shifts of both the carbonyl and the methyl 

groups, which has not yet been seen experimentally as none of our complexes has an isolated 

singly-occupied dz2 orbital.  

Group 

Aexp·S / giso or (Acalc·S / giso) 

t2g(Cr3+) t2g + dz2 (Mn3+) 
dz2  

(Mn3+ - Cr3+) 
eg(Ni2+) dx2-y2 (Cu2+) dz2 (Ni2+ - Cu2+) 

CH3 -0.69 -0.62 0.07 1.6 2.1 -0.5 

CH 0.31 0.86 0.55 0.055 -0.37 0.43 

CO 1.7 1.36 -0.3 -0.045 -0.22 0.18 

 

Table 9.1: Estimation of dz2 orbital contribution to the Fermi-contact spin-density using the 

principles of spin arithmetics. When no experimental value is available, italicized calculated 

values are provided. 
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 According to Table 9.1, a spin-density map can be made based on our understanding of 

molecular-orbital interactions and mechanisms of spin distribution. Figure 9.1 shows the 

delocalization pathway described previously in Chapter 5, Figure 5.14. In addition, the effect of 

polarization is introduced to rationalize the estimated Fermi-spin densities from the dz2 orbital. 

Delocalization between the dz2 and the oxygen leads to an abundance of positive spin-density at 

the latter. This is a similar effect to that observed in Figure 6.15 for Cu(acac)2, where the oxygen 

interacts with the dx2-y2, as both orbitals have the same σ* interaction symmetry. A significant 

difference between these interactions is the ligand-orbital phase between the two oxygens 

chelating to the same metal orbital. In the case of dx2-y2, these phases are opposite, which 

eventually lead to destructive interference at the methine position. On the other hand, in dz2, both 

 

dz
2

0.07 (Mn-Cr) 

-0.5 (Ni-Cu) 0.55 (Mn-Cr) 

0.43 (Ni-Cu) 

-0.3 (Mn-Cr) 

0.18 (Ni-Cu) 

-0.3 (Mn-Cr) 

0.18 (Ni-Cu) 

0.07 (Mn-Cr) 

-0.5 (Ni-Cu) 

FIGURE 9.1: Pictorial representation of the dz2 orbital interacting with the ligand in the xy-plane. 

Values of Aiso·S/giso are from Table 9.1, where the values in bold are experimental and italicized 

values are calculated. 
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phases are the same, which leads to an increase in delocalization contribution at the methine. 

This is the significant difference between the two orbitals that can be used as a diagnostic tool to 

distinguish between occupied orbitals, as this relation is a direct probe of orbital symmetry. 

9.2 Signal width and spin density in paramagnetic NMR 

Upon establishing a firm understanding of the mechanisms of spin-density distribution in 

a paramagnetic system, the principle of perturbative analysis can be applied to expand the 

assignment capabilities to other paramagnetic systems with analogous molecular-orbital 

interactions. Chapters 4 through 8 provide the background for such an analysis, with the key 

examples provided in the previous section. Where a comparison is made between paramagnetic 

systems with equivalent molecular-orbital interactions but a differing total number of unpaired 

electrons, i.e. A1·S1/giso1 = A2·S2/giso2, it is important to note that the magnitude of the Fermi-

coupling constant, Aiso, is expected to scale inversely with the total spin-number, S, for the same 

ραβ value. Thus, systems with low number of unpaired electrons have a Fermi coupling constant 

of a larger magnitude. This has a significant consequence on the detectability and resolution of 

NMR spectra. As shown in Figure 9.2, the overall contribution of the Fermi coupling to the 

nuclear relaxation (equation 2.29) and thus the signal width, increases as a function of the 

magnetic moment. However, if the spin-density mechanism is able to produce the same number 

of unpaired electron spins tunneling the nucleus, i.e. S1·A1 = S2·A2 (assuming giso1=giso2 = ge), 

this same signal will appear narrower and shifted farther at high values of S. This condition is 

shown in Figure 9.2 with the solid line passing through SA = 4, which is arbitrarily selected to 

illustrate a hypothetically fixed condition of the influence of a spin distribution mechanism on 

the Fermi spin-density. At S = 0.5, the line crosses the 10 – 30 kHz region at electron-relaxation 
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times above 50 ps, which would signify a potentially undetectable resonance at or above the 

specified electron-relaxation. The same crossing at S = 2.5 is past 100 ps, implying greater 

tolerance for longer electron relaxation. Thus, the presence of multiple unpaired electrons can 

significantly improve the capabilities of paramagnetic solid-state NMR to resolve and detect 

resonances a few bonds away from the source of the unpaired electrons.  

FIGURE 9.2: Fermi contribution to the isotropic signal width in a) S = 0.5; b) S = 1; c) S = 1.5; d) 

S = 2; e) S = 2.5 spin states in relation to the Fermi-coupling constant (A) and the electronic-

relaxation time (Te). Dashed contours indicate regions with 10 kHz and 30 kHz marks. Solid 

lines pass through SA = 4, which signifies equivalent ραβ. 

 

2 4 6 8 10

2·10-11

4·10-11

6·10-11

8·10-11

1·10-10

2 4 6 8 10 2 4 6 8 10

2·10-11

4·10-11

6·10-11

8·10-11

1·10-10

2 4 6 8 2 4 6 8 1010

Te (s)

Te (s)

A (MHz)

A (MHz) 0

10 kHz

20 kHz

30 kHz

ν½
Fermi

a) b) c)

e)d)

192 383 575 766 958 511 1021 1532 2043 2554 958 1915 2873 3830 4788 δ13C
Fermi

(ppm)

1532 3064 4597 6129 2234 4469 6703 8938 111707661 δ13C
Fermi

(ppm)



Spin-density arithmetics 

217 
 

Figure 9.2 ignores the electron-nuclear dipolar contribution to the isotropic width, which 

should also scale as the total magnetic moment of the sample. The paramagnetic dipolar 

contribution can be significantly lowered with the observation of low-γ nuclei if there are such 

isotopes available for the atom.  

I have now established general guidelines for the successful acquisition and interpretation 

of solid-state NMR spectra of paramagnetic coordination compounds under standard laboratory 

conditions. The ideal system must have known magnetic behavior (�̅�, �̅�, J, etc.) at experimental 

NMR temperatures, as this aspect is crucial for accurate interpretation of coupling magnitudes. 

The system should have a large number of unpaired spins as that ensures greater sensitivity to the 

hyperfine coupling, but there should be thermally accessible microstates that will reduce the 

electron-spin relaxation-time, a counterexample is Fe(acac)3 in Chapter 8. A greater number of 

unpaired electrons in the system also leads to an overall lower magnitude of Fermi-coupling 

constant, as can be seen with the line of equivalent ραβ in Figure 9.2, provided the spin-

distribution mechanism that creates the coupling does not vary significantly with the number of 

unpaired spins. This is beneficial as a smaller magnitude of the coupling reduces the Fermi 

contribution to nuclear relaxation, making NMR peaks narrower, Figure 9.2. The system should 

not have a significant contribution to signal width from the dipole mechanism, implying a larger 

distance from the paramagnetic center or/and the application of low-γ isotope for NMR. As 

shown in Chapter 8, NMR relaxation of a lower-γ nucleus, such as 13C, is rarely dominated by 

dipolar broadening, even for carbonyl groups as close as 3 Å from the metal. Therefore, a 

beneficial system must have a MO mechanism by which a substantial amount of unpaired spin-

density can be distributed throughout the ligand from the paramagnetic center. An additional 

benefit of such a system can be the presence of phonon-coupled modes of electronic relaxation, 
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which would improve the rate of relaxation and increase NMR resolution [96]. Another factor 

that influences electronic relaxation is a dipolar interaction between paramagnetic centers, as 

close paramagnetic centers can enhance electronic relaxation. The presence of low-lying 

accessible electronic-energy states creates possible microstates that reduce electronic relaxation, 

as seen for the Ti(acac)3, V(acac)3, Mn(acac)3 and Co(acac)2·2H2O complexes. In contrast, 

systems with no accessible excited energy states, like Cr(acac)3, VO(acac)2 and Fe(acac)3, show 

long electronic relaxation times.  
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Chapter 10: Conclusions and Outlook 

10.1 Impact on solid-state NMR of paramagnetic materials 

In this thesis I have provided a systematic study of Fermi coupling interaction on 

observed solid-state 13C and 1H NMR spectra with a series of related metal acetylacetonate 

coordination complexes. Effects of this coupling at short distances to the metal center have been 

established and linked to specific electronic configurations and individual orbital occupancies. 

Two major mechanisms that affect the distribution of spin density, polarization and 

delocalization, have been established and used to rationalize observed Fermi couplings. The 

interplay between these mechanisms has been illustrated in a series of near-isostructural 

tris(acac) complexes with t2g
1-3

 configuration.  

The effects of mixed orbital symmetries on NMR has been illustrated with the example of 

Mn(acac)3 complex. It was also shown that 1H NMR can serve as a sensitive probe for 

distinguishing a presence of mixed crystal phases.  

The effect of local structural distortions on spin density and observed NMR spectra has 

been investigated with VO(acac)2 structure, where the relation between the structure and 

mechanisms of spin distribution were identified. A bi-nuclear coupled system of copper acetate 

hydrate was investigated to provide an extension of the outlined principles of spin-density 

distribution to chemically-relevant systems. The effect of the anti-ferromagnetic coupling on the 

13C NMR spectrum was addressed in detail, providing guidelines for applications to more 

complex systems. 



Conclusions and Outlook  

220 
 

The effects of electronic spin relaxation on NMR signal widths have been systematically 

analyzed for all the complexes in the thesis, and general guidelines proposed to provide estimates 

on signal detectability, a common problem in paramagnetic NMR. An extension to the existing 

point-dipole model has been proposed in an attempt to generalize the through-space electron-

nuclear coupling in the solid state. These results suggest a link between NMR peak widths of 

different nuclei in the same paramagnetic complex, and point towards the possibility of assessing 

NMR detectability of other nuclei in the system on the basis of a reliable NMR spectrum and/or 

relevant EPR measurements. 

As a result of the systematic evaluation of metal-orbital contributions to the observed 

Fermi spin densities, a theory of spin-density arithmetics was proposed. Contributions from 

individual metal orbitals are considered to be independent, and can be co-added to predict Fermi 

spin densities from a specific electronic configuration. As the consequence of this spin-

arithmetics approach on Fermi-spin-density contribution to the signal width, systems with a 

larger number of unpaired electrons and a fixed spin-density distribution pathway show the 

potential for narrower linewidths in solid-state NMR 

10.2 Future studies 

Efforts to decouple electron-nuclear dipolar coupling by the application of a decoupling 

pulse on the electron during acquisition with Dynamic Nuclear Polarization (DNP) MAS-NMR 

[149] are in the very early stages and have not yet produced promising results. An alternative 

approach is to attempt to control the electronic-relaxation time through physical influence on the 

mechanisms of its relaxation. For example, a possibility of the electron-phonon coupling implies 

that a rise in temperature, or far-IR – IR radiation, can enhance relaxation rate [96]. Another 



Conclusions and Outlook  

221 
 

possibility is a rapid (picosecond-length) excitation of the electron to a high-energy short-lived 

excited state for the duration of the NMR pulse sequence. The rapid exchange in electronic 

environment should lead to an adjustable electron correlation term in equations 2.26 and 2.30, 

thus allowing modulation of the paramagnetic broadening in solid-state NMR.  

The contribution of the pseudocontact shift has been estimated in complexes that show a 

distinct anisotropy in the magnetic moment. An analytical assessment of this contribution is 

beyond the scope of this thesis, but remains under investigation.  

Further development in this field includes extension to metal-organic frameworks, where 

the principles of analysis outlined in this thesis can be used to provide detailed electronic and 

structural characterization. The thesis has touched upon the method application to 

antiferromagnetically coupled spin systems, such as copper acetate hydrate, which are commonly 

used as linkers in MOFs and thus is able to provide analogous information on the local 

environment around these linkers in the solid state. These principles could be used to study 

electron paramagnetic-antiferromagnetic coupling behavior in solids. Systems that have a similar 

bonding configuration, such as derivatives of the “acac” ligand and moieties with a similar 

bonding symmetry (e.g. Cu(acac)2 and copper acetate), can be studied successfully with this 

method as their electronic distribution and structural assignment have been well-established in 

this work. Application of double resonance experiments, such as 2D-CP and REDOR, can 

provide correlated spectra for signal assignment. Paramagnetic solid-state NMR can be used as a 

sensitive probe of electronic occupancy and aid in the evaluation of molecular-orbital 

interactions in solids. NMR sensitivity to electronic environment can resolve structural defects in 

solid systems, such as MOFs, perovskites, organometallic complexes, etc. This sensitivity to the 

electronic environment should allow the solid-state NMR to be used as a probe of metal-
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oxidation states, as they have a direct dependence on the bonding configuration and the number 

of unpaired electrons in the system. As a general principle, this work provides a comprehensive 

guideline for a detailed structural interpretation of paramagnetic molecules with solid-state MAS 

NMR. 
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Appendix 
Figure 5.1 shows experimental and simulated powder x-ray diffraction patterns for the 

two samples of Mn(acac)3 present in this thesis. The purchased technical-grade sample can be 

identified primarily with the γ-Mn(acac)3 phase (Figure 5.1a, b). This sample also contains δ -

Mn(acac)3 phase (Figure 5.1a,c) and a weak impurity signal. The synthesized sample is identified 

as a pure δ -Mn(acac)3 phase (Figure 5.1c,d). 

FIGURE 5.1: Powder x-ray diffraction of Mn(acac)3. a) The reagent-grade sample as purchased 

from Alfa Aesar; b) the simulated powder pattern of γ-Mn(acac)3 phase [27]; c) the synthesized 

sample of Mn(acac)3; d) the simulated powder pattern of δ -Mn(acac)3 phase [64]. 
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FIGURE 6.1: a) Fit of anisotropic 1H MAS NMR signal of Co(acac)2·2H2O in comparison with the 

b) experiment. Signal spans for the functional groups are as follows: Ω(H2O) = 900(50) ppm, Ω 

(CH) = 750(50) and Ω(CH3) = 550(50) ppm.  
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Ti(acac)3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE 8.1: Modeling of signal widths in 13C MAS MAS NMR of Ti(acac)3. Fermi 

contribution, ν½
 Fermi, uses Aexp from the above table 8.1. Widths are given in kHz. 

Group ν½
 dia 

PDM MPDM 
ν½

 Exp 
ν½

 Fermi ν½
 Dipolar ν½

 Fermi ν½
 Dipolar 

CO 0.07 6.1 0.15 4.8 0.20 5.3(5) 

CH 0.15 0.61 0.08 0.52 0.75 2.1(1) 

CH3
 0.25 0.46 0.02 0.40 0.40 1.8(2) 

Te
  65 ps 55 ps  

 

TABLE 8.2: Modeling of signal widths in 1H MAS NMR of Ti(acac)3. Fermi contribution uses 

Aexp from the above table 8.3. Widths are given in kHz. 

 
Group ν½

 dia 
PDM MPDM ν½

 Exp 

ν½
 Fermi ν½

 Dipolar ν½
 Fermi ν½

 Dipolar 

CH 0.25 0.22 0.23 0.10 8.7 0.9(3) 

CH3
 0.62 1.2 0.14 0.59 0.8 2.1(3) 

Te
  55 ps 25 ps  
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β - V(acac)3 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE 8.3: Modeling of signal widths in 13C MAS NMR of β -V(acac)3. Fermi contribution 

uses Aexp from the above table 8.5. Widths are given in kHz. 

 
Group ν½

 dia 
PDM MPDM 

ν½
 Exp 

ν½
 Fermi ν½

 Dipolar ν½
 Fermi ν½

 Dipolar 

CO 0.07 1.8 0.14 1.6 0.09 1.8(3) 

CH 0.15 <0.01 0.07 < 0.01 0.20 0.5(1) 

CH3
 0.25 0.12 0.01 0.12 0.10 0.5(1) 

Te
  20 ps 20 ps  

 

TABLE 8.4: Modeling of signal widths in 1H MAS NMR of β -V(acac)3. Fermi contribution 

uses Aexp from the above table 8.7. Widths are given in kHz. 

 Group ν½
 dia 

PDM MPDM Experiment 

ν½
 Fermi ν½

 Dipolar ν½
 Fermi ν½

 Dipolar 

CH 0.25 0.05 0.37 0.05 5 0.8(2) 

CH3
 0.62 0.17 0.21 0.12 0.68 1.1(4) 

Te
  30 ps 20 ps  
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Cr(acac)3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE 8.5: Modeling of signal widths in 13C MAS NMR of Cr(acac)3. Fermi contribution uses 

Aexp from the above table 8.9. Widths are given in kHz. 

 
Group ν½

 dia 
PDM MPDM ν½

 Exp 

ν½
 Fermi ν½

 Dipolar ν½
 Fermi ν½

 Dipolar 

CO 0.07 55 9.5 39 7.0 Not observed 

CH 0.15 1.8 4.6 1.3 6.6 7(1) 

CH3
 0.25 9.2 0.93 6.5 2.6 10(1) 

Te
  700 ps 500 ps  

 

TABLE 8.6: Modeling of signal widths in 1H MAS NMR of Cr(acac)3. Fermi contribution uses 

Aexp from the above table 8.11. Widths are given in kHz. 

 
Group ν½

 dia 
PDM MPDM Experiment 

ν½
 Fermi ν½

 Dipolar ν½
 Fermi ν½

 Dipolar 

CH 0.25 0.4 13 0.15 61 Not observed 

CH3
 0.62 2.9 8.5 1.1 9.9 12(1) 

Te
  950 ps 350 ps  
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𝛾 - Mn(acac)3 

 

 

 

 

 

 

 

TABLE 8.7: Modeling of signal widths in 13C MAS NMR of 𝛾- Mn(acac). Fermi contribution 

uses Aexp from the above table 8.13. Widths are given in kHz. 

 

Group ν½
 dia 

PDM MPDM ν½
 Exp 

ν½
 Fermi ν½

 Dipolar ν½
 Fermi ν½

 Dipolar 

CH 0.25 0.05 1.8 <0.01 1.8 2.5(1) 

CH 0.25 <0.01 1.4 <0.01 1.2 1.3(1) 

CH 0.25 <0.01 1.5 <0.01 1.5 1.2(1) 

CH3
 0.62 0.03-0.06 0.86 <0.01 0.90 2.7(1) 

CH3 0.62 <0.01 0.96 <0.01 0.34 1.7(1) 

Te
  40 ps 5 ps 8(2) ps 

 

Group ν½
 dia 

PDM MPDM ν½
 Exp 

ν½
 Fermi ν½

 Dipolar ν½
 Fermi ν½

 Dipolar 

CO 0.07 2.9 1.0  2.9 1.0 3.7(1) 

CO 0.07 2.1 1.0  2.1 1.0 3.3(1) 

CO 0.07 2.5  1.0  2.5 1.1 3.0(1) 

CH 0.15 0.11  0.47 0.11 0.53 0.80(3) 

CH3 0.25 <0.01 0.11 <0.01 0.15 1.6(1) 

CH3 0.25 0.03 0.11 0.03 0.21 2.1(1) 

CH3
 0.25 0.42 0.11 0.42 0.36 2.3(1) 

CH3 0.25 0.45 0.11 0.45 0.33 2.5(1) 

Te
  45 ps 45 ps  

 

TABLE 8.8: Modeling of signal widths in 1H MAS NMR of 𝛾- Mn(acac)3. Fermi contribution 

uses Aexp from the above table 8.15. Widths are given in kHz. 
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Fe(acac)3 

 

TABLE 8.9: Fermi-coupling constants derived from 1H MAS NMR of Fe(acac)3 using equation 

2.18 and obtained from the DFT calculation. Couplings from individual hydrogens from the 

same methyl group are scaled to match the average experimental shift. 

Group 1HAcalc (MHz) 1HAexp (MHz) 

CH 

-0.063 

-0.096 

-0.046 

 

CH3
 

{0.021, -0.11, 0.027} 

{0.0025, -0.032, -0.066} 

{0.018, 0.027, -0.11} 

{0.034, -0.029, -0.0093} 

{0.056, -0.031, -0.026} 

{0.017, -0.14, 0.048} 

{-0.069, 0.36, -0.087} 

{-0.0053, 0.069, 0.14} 

{-0.053, -0.082, 0.34} 

{0.10, 0.039, 0.059} 

{0.12, 0.037, 0.042} 

{-0.050, 0.39, -0.14} 

 

TABLE 8.10: Modeling of signal widths in 1H MAS NMR of Fe(acac)3. Fermi contribution uses 

Aexp from the above table 8.17. Widths are given in kHz. 

 
Group ν½

 dia 
PDM MPDM ν½

 Exp 

ν½
 Fermi ν½

 Dipolar ν½
 Fermi ν½

 Dipolar 

CH 0.25 0.11 30 < 0.01 50 Not observed 

CH3
 0.62 1.2 19 0.09 20 20(2) 

Te
  1000 ps 80 ps  

 

TABLE 8.11: Fit of the isotropic signal width in 13C MAS NMR of Fe(acac)3 and DFT 

calculation. Widths are given in kHz. 

Group ν½
 dia 

PDM MPDM 

ν½
 Fermi ν½

 Dipolar ν½
 Fermi ν½

 Dipolar 

CO 0.07 4.3 25 0.35 5.2 

CH 0.15 42 12 3.3 0.88 

CH3
 0.25 86 2.7 7.0 0.29 

Te
  1000 ps 80 ps 
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Co(acac)2·2H2O 

 

 

 

 

 

 

TABLE 8.12: Fermi-coupling constants derived from 13C MAS NMR of Co(acac)2·2H2O using 

equation 2.18 and obtained from the DFT calculation.  

Group Acalc (MHz) Aexp (MHz)* 

CO 0.11 0.11 - -0.23 

CO 0.09 0.09 - -0.29 

CH 0.37 0.07 – 0.08 

CH3 2.10 1.51 – 1.47 

CH3
 1.94 1.29 - 1.40 

*The range of values signifies the uncertainty in the account 

of the pseudocontact-shift contribution from D between 

PDM and M-A formalism (see Chapter 6). Values on the left 

are determined with “PDM with D” correction, values on the 

right are determined with “M-A with D” correction (see table 

6.4) 

TABLE 8.13: Modeling of signal widths in 13C MAS NMR of Co(acac)2 ·2H2O . Fermi 

contribution uses Aexp that are found with the “PDM with D” model from the table 8.20. Widths 

are given in kHz. 

 
Group ν½

 dia 
PDM MPDM ν½

 Exp 

ν½
 Fermi ν½

 Dipolar ν½
 Fermi ν½

 Dipolar 

CO 0.07 0.05 1.1 0.05 2.3 1.2(1) 

CH 0.15 <0.01 0.58 <0.01 0.43 1.10(5) 

CH3
 0.25 1.5 0.11 1.5 0.15 1.8(1) 

Te
  50 ps 50 ps  

 



Appendix 
 

248 
 

 

 

 

 

 

 

TABLE 8.14: Fermi-coupling constants derived from  1H  MAS NMR of Co(acac)2·2H2O using 

equation 2.18 and obtained from the DFT calculation. Couplings from individual hydrogens from 

the same methyl group are scaled to match the average experimental shift. 

Group 1HAcalc (MHz) 1HAexp (MHz)* 

H2O 
2.35 

3.77 
0.37 – 2.2 

CH -0.21 0.22 – 0.57 

CH3
 -0.05, -0.60, 0.29 

{-0.04, -0.46, 0.22}  

-  

{-0.16, -1.83, 0.86} 

CH3
 0.003, -0.61, 0.23 

{0.001, -0.16, 0.059} 

- 

{0.008, -1.65, 0.63} 

*The range of values signifies the uncertainty in the account of the 

pseudocontact-shift contribution from D between PDM and M-A 

formalism (see Chapter 6). Values on the left are determined with 

“PDM with D” correction, values on the right are determined with 

“M-A with D” correction (see table 6.5) 

 

TABLE 8.15: Modeling of signal widths in 1H MAS NMR of Co(acac)2 · 2H2O  and DFT 

calculation. Fermi contribution uses Aexp that were found using “PDM with D” model from table 

8.22. Widths are given in kHz. 

Group ν½
 dia 

PDM  MPDM 
ν½

 Exp 
ν½

 Fermi ν½
 Dipolar ν½

 Fermi ν½
 Dipolar 

H2O 0.70 3.9 13.3 1.5 14 10.1(4) 

CH 0.45 0.25 1.7 0.1 4.4 4.5(3) 

CH3
 0.55 0.90 0.10 0.38 2.4 3.7(2) 

Te
  50 ps 20 ps  
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Ni(acac)2·2H2O 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE 8.16: Modeling of signal widths in 13C MAS NMR of Ni(acac)2 · 2H2O  and DFT 

calculation. Widths are given in kHz. 

Group ν½
 dia 

PDM MPDM ν½
 Exp 

ν½
 Fermi ν½

 Dipolar ν½
 Fermi ν½

 Dipolar 

H2O 0.70 0.36 7.3 0.08 8 8.5(4) 

CH 0.45 0.02 0.57 <0.01 0.56 1.8(2) 

CH3
 0.55 0.06 0.33 0.02 1.3 2.1(2) 

Te
  45 ps 10 ps > 10ps 

 

Group ν½
 dia 

PDM MPDM 
ν½

 Exp 
ν½

 Fermi ν½
 Dipolar ν½

 Fermi ν½
 Dipolar 

CO 0.07 <0.01 0.34 <0.01 0.10 0.63(3) 

CH 0.15 <0.01 0.17 <0.01 1.0 0.44(3) 

CH3
 0.25 3.8 0.03 3.8 0.04 4.2(3) 

Te
  45 ps 45 ps > 10ps 

 

TABLE 8.17: Modeling of signal widths in 1H MAS NMR of Ni(acac)2 · 2H2O  and DFT 

calculation. Widths are given in kHz. 
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Cu(acac)2 

 

 

 

 

 

 

 

 

 

 

 

 

 

Group ν½
 dia 

PDM MPDM ν½
 Exp 

ν½
 Fermi ν½

 Dipolar ν½
 Fermi ν½

 Dipolar 

CH 0.25 0.95 2.4 0.02 1.4 3.4(2) 

CH3
 0.62 0.13 1.4 <0.02 2.3 2.8(2) 

Te
  600 ps 10 ps  

 

TABLE 8.18: Modeling of signal widths in 13C MAS NMR of Cu(acac)2  and DFT calculation. 

Widths are given in kHz. 

Group ν½
 dia 

PDM MPDM 
ν½

 Exp 
ν½

 Fermi ν½
 Dipolar ν½

 Fermi ν½
 Dipolar 

CO 0.07 0.55 0.70 0.13 1.6 1.5(1) 

CH 0.15 1.6 0.35 0.39 0.04 1.9(1) 

CH3
 0.25 49 0.07 12 <0.01 Not observed 

Te
  200 ps 50 ps  

 

TABLE 8.19: Modeling of signal widths in 1H MAS NMR of Cu(acac)2 and DFT calculation. 

Widths are given in kHz. 
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VO(acac)2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Group ν½
 dia 

PDM MPDM ν½
 Exp 

ν½
 Fermi ν½

 Dipolar ν½
 Fermi ν½

 Dipolar 

CH 0.25 18  8.5 12 4.7 Not observed 

CH3
 0.62 <0.1 5.1 <0.1 8.1 5.7(2) 

Te
  3300 ps 2200 ps  

 

TABLE 8.20: Modeling of signal widths in 13C MAS NMR of VO(acac)2 and DFT calculation. 

Widths are given in kHz. 

Group ν½
 dia 

PDM MPDM 
ν½

 Exp 
ν½

 Fermi ν½
 Dipolar ν½

 Fermi ν½
 Dipolar 

CO 0.07 160 2.5 120 3.4 Not observed 

CH 0.15 8.8 1.2 6.6 3.5 10(1) 

CH3
 0.25 2.0 0.27 1.5 1.0 3.0(1) 

Te
  1200 ps 900 ps  

 

TABLE 8.21: Modeling of signal widths in 1H MAS NMR of VO(acac)2 and DFT calculation. 

Widths are given in kHz. 
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[Cu(Ac)2H2O]2 

 

 

 

 

 

 

 

 

 

 

 

 

 

Group ν½
 dia 

PDM MPDM ν½
 Exp 

ν½
 Fermi ν½

 Dipolar ν½
 Fermi ν½

 Dipolar 

CO 0.07 1.1 0.04 1.0 1.1 2.7(7) 

CH3
 0.25 4.2 <0.01 3.8 0.04 4.3(2) 

Te
  20 ps 18 ps  

 

TABLE 8.22: Modeling of signal widths in 13C MAS NMR of [Cu(Ac)2H2O]2 and DFT 

calculation. Widths are given in kHz. 

Group ν½
 dia 

PDM MPDM 
ν½

 Exp 
ν½

 Fermi ν½
 Dipolar ν½

 Fermi ν½
 Dipolar 

H2O 0.70 < 0.01 0.20 < 0.01 1.3  

CH3
 0.55 3.5 0.38 0.16 4.1 4.8(2) 

Te
  250 ps 12 ps  

 

TABLE 8.23: Modeling of signal widths in 1H MAS NMR of [Cu(Ac)2H2O]2 and DFT 

calculation. Widths are given in kHz. 


