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Overview 

The research work presented in this Licentiate of Technology thesis has primarily been carried 
out at the Luleå University of Technology (Chemistry of Interfaces, Division of Chemical 
Engineering) and at the University of Oulu (Department of Physics and Chemistry). The main 
goal of the thesis work presented here is to shed light on the underlying chemistry and to study 
the properties of materials that are important for a wide range of industrial applications such as 
metal extraction from industrial wastes, designing new ligands for rare earth separation, in 
nanomaterial production, as additives to lubricating oils; also the results have importance in 
academic research. We have employed a multidisciplinary approach in undertaking this 
research work. It was shown how different experimental and theoretical methods can be 
combined both assisting in structural elucidation and property calculations of selected metal 
complexes. One of the objectives of this study is to obtain detailed parameters for rare earth 
elements (REEs) and their coordination complexes with commonly used flotation collectors, as 
well as with other neutral or anionic ligands.  

The chemistry of a metal complex is defined by the structure of the complex and the bonding 
therein. Furthermore, the local structure and bonding of the metal atom itself within a 
molecule is of particular importance in physicochemical property determination. Nuclear 
magnetic resonance (NMR) spectroscopy and X-ray diffraction techniques have moved to the 
forefront of many available analytical tools for structural characterisation of metal complexes. 
Also, molecular modeling followed by quantum chemical calculations on metal complexes play 
an important role in chemical research and teaching. This is because they offer the real promise 
of being able to complement experimental results as a means to uncover and explore new 
chemistry. 

An overview of the research results obtained by NMR, X-ray diffraction, and first principles 
density functional theory (DFT) calculations on three selected complexes of 
dialkyldithiocarbamates (DTC) of yttrium, lanthanum, and bismuth and the significances are 
given below. Each of these complexes is studied with the aim of understanding their structural 
and electronic properties by combining experimental and theoretical methods.  

Heteroleptic Complex of Yttrium Dialkyldithiocarbamate-phenanthroline  

Here we show how periodic DFT methods can be used to model the structure of metal 
complexes from the knowledge of previously solved structures for analogous compounds and to 
further study their electronic and molecular properties. We have used solid-state NMR, X-ray 
diffraction powder patterns, NMR shielding calculations, and finally single-crystal X-ray 
diffraction structure of the yttrium diethyldithiocarbamato-phenanthroline complex to verify 
the accuracy of the method. We also show how atom wise spectral assignments of NMR 
resonance lines be made by using periodic DFT methods. We also account for the relativistic 
spin-orbit splitting effect of heavy metal yttrium by employing two component relativistic 
theory. 
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Heteroleptic Complex of Lanthanum Dialkyldithiocarbamate-phenanthroline  

We explain how the X-ray diffraction structure of lanthanum diethyldithiocarbamato-
phenanthroline complex is different from previously reported structures for other REEs by X-
ray diffraction powder patterns, solid-state NMR and X-ray crystallography. The structural 
disorder within a ligand group is further explored by DFT based geometry optimisation and 
NMR shielding calculations.  

Polymorphism of Bismuth Dialkyldithiocarbamate   

Bismuth forms air stable complexes with dialkyldithiocarbamate ligands. We explain how 13C 
and 15N solid-state NMR techniques can be used to explore polymorphism in di-n-
butyldithiocarbamate complexes of bismuth, and later on verifying the results by single-crystal 
X-ray diffraction and quantum chemical computational studies. 
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Abstract 

Metal-dithiocarbamate complexes find wide-ranging applications in nanomaterial and metal 
separation science, and have potential use as chemotherapeutic, pesticides, and as additives to 
lubricants. A highly versatile dialkyldithiocarbamate (R2NCS2

–) ligand can form stable 
complexes with all the transition elements and also the majority of main group, lanthanide and 
actinide elements. Here we present structural investigations of the molecular and electronic 
structures of dialkyldithiocarbamate complexes with yttrium(III), lanthanum(III), and 
bismuth(III) of molecular formula [Y{S2CN(C2H5)2}3PHEN], [La{S2CN(C2H5)2}3PHEN], and 
[Bi2{S2CN-n(C4H9)2}6]  (where PHEN=1,10-Phenanthroline) . The experimental solid-state 13C 
and 15N cross polarization magic-angle-spinning (CP-MAS) NMR results are reported for all 
these three complexes. We also report new single-crystal X-ray structures of heteroleptic 
yttrium, lanthanum, and homoleptic bismuth dialkyldithiocarbamate complexes. The 
comparative analysis of powder XRD patterns and solid-state 13C and 15N CP-MAS spectra of 
polycrystalline yttrium(III) and lanthanum(III) diethyldithiocarbamato-phenanthroline 
complexes shows the presence of significant structural differences. The diethyldithiocarbamato-
phenanthroline complex of yttrium has a very similar structural type to a previously reported X-
ray diffraction structure for [Nd{S2CN(C2H5)2}3PHEN] whereas, the crystal structure of 
[La{S2CN(C2H5)2}3PHEN] is considerably more complex. Our NMR and single-crystal X-ray 

diffraction results suggested polymorphism for bismuth di-n-butyldithiocarbamate complex. 
Finally, the experimental NMR results are complemented by chemical shifts obtained using 
quantum chemical methods and verified the spectral assignments. Overall, our work 
demonstrates how different experimental and theoretical methods can be combined that can 
afford insights into the solid-state structure and bonding environments of metal complexes. 

 

 



 

vi | P a g e  

 



 

vii | P a g e  

 

List of Papers 

The thesis is based on the following papers: 

I. Structure of Yttrium Diethyldithiocarbamato-Phenanthroline Complex from X-ray 
Crystallography, Solid-state NMR and ab-initio Quantum Chemical Calculations 
Vasantha Gowda, Bipul Sarma, Sven Öberg, Ville-Veikko Telkki, Anna-Carin Larsson, 
Perttu Lantto, Oleg N. Antzutkin 
 
II. Crystal Structure of Lanthanum Diethyldithiocarbamato-Phenanthroline Complex 
from Single Crystal X-Ray Diffraction, NMR and DFT Calculations 
Vasantha Gowda, Risto S. Laitinen, Ville-Veikko Telkki, Anna-Carin Larsson, Perttu 
Lantto, Oleg N. Antzutkin 
 
III. Crystal Structure of a Tris(Di-n-Butyldithiocarbamato)Bismuth(III) Complex by X-
Ray Diffraction, Solid-State 13C and 15N CP/MAS NMR, and DFT Calculations 
Vasantha Gowda, Bipul Sarma, Alexander V. Ivanov, Anna-Carin Larsson, Perttu Lantto, 
Oleg N. Antzutkin 

 



 

viii | P a g e  

 

 



 

ix | P a g e  

 

Contents 
Chapter 1  Yttrium, Lanthanum, and Bismuth Compounds: Coordination Chemistry and 

Applications 

1.1 Introduction            1 

1.2 Dithiocarbamate Complexes           3 

Chapter 2  Theory: X-ray Diffraction and Nuclear Magnetic Resonance (NMR)  

2.1 X-ray Diffraction            5 

2.2 Nuclear Magnetic Resonance (NMR) Spectroscopy          6 

2.2.1 Solution-State NMR           7 

2.2.2 Chemical Shift           7 

2.2.3 Single Pulse Experiments          8 

2.3 Solid-State NMR 

2.3.1 Chemical Shielding Anisotropy (CSA)         9 

2.3.2 Powder Pattern           11  

2.3.3 Magic-Angle-Spinning (MAS)          12 

2.3.4 Cross-Polarisation (CP)          13 

Chapter 3  Density Functional Theory (DFT) for NMR Parameter Calculations 

3.1 Quantum Chemical Methods in Structure-Property Calculations       15 

3.2 Density Functional Theory          16 

3.3 k-Point Sampling           17 

3.4 NMR shielding by DFT             18 

3.5 Relativistic DFT Calculations               18 

3.6 Basis Set            18 

Chapter 4  Experimental section 

4.1 Synthesis 

4.1.1 Diethyl Dithiocarbamate Ligand         21 



 

x | P a g e  

 

4.1.2 Yttrium(III) Diethyldithiocarbamato-Phenanthroline       21 

4.1.3 Lanthanum(III) Diethyldithiocarbamato-Phenanthroline       21 

4.1.4 Di-n-butyldithiocarbamate Ligand         21 

4.1.5 Bismuth(III) Di-n-butyldithiocarbamate, polymorph I       21 

4.1.6 Bismuth(III) Di-n-butyldithiocarbamate, polymorph II       22 

4.2 Experimental Methods 

4.2.1 Powder X-ray Diffraction (PXRD)         22 

4.2.2 X-ray Diffraction Crystallography          22 

4.2.3 Solution-State NMR          22 

4.2.4 Solid-State NMR          22 

4.3 Computational Details 

4.3.1 Periodic DFT based Geometry Optimisation        23 

4.3.2 Periodic DFT based NMR Shielding Calculations       23 

4.3.3 Gas Phase Calculations         23 

Chapter 5 Results and Discussions 

5.1 Powder XRD Patterns           25 

5.2 Single-Crystal X-ray Diffraction Structures of Heteroleptic Y(III), La(III),  

and Homoleptic Bi(III) Dithiocarbamate          26 

5.3 Solid-State 13C and 15N NMR Spectra          31 

5.4 DFT Structure Optimisation and Chemical Shift Calculations         34 

Chapter 6  Conclusions           39 

Chapter 7 Future Plans           40 

References            41 

Appendix 



 

1 | P a g e  

 

Chapter 1 

Yttrium, Lanthanum, and Bismuth Compounds: Coordination 
Chemistry and Applications  

1.1 Introduction 

Yttrium (Y) and Lanthanum (La) belong to a set of seventeen chemical elements in the periodic 
table together with the fourteen lanthanides (Atomic Number 58-71) plus scandium, generally 
known as Rare Earth Elements (REEs) [Table 1]. Scandium and yttrium are considered as REE 
since they tend to occur in the same ore deposits as the lanthanides and exhibit similar 
chemical and physical properties. REEs have been listed as the leading strategic metals, by 
European Raw Materials Initiatives, since they have a wide range of important high-technology 
applications in materials chemistry and physics (permanent magnets, lamp phosphors, catalysts 
and rechargeable batteries etc.) and the demand for REE is increasing globally with the 
development of green technologies.  

The rare earths, as a group, occur in a variety of minerals, some of which are of commercial 
interest such as bastnasite (fluorocarbonate mineral), monazite (phosphate mineral), allanite 
(hydrous silicate mineral), gadolinite (silicate of yttrium) and xenotime (phosphate of yttrium).  

Processing of the above mineral includes several steps: For example, the bastnasite ore is 
concentrated by crushing, grinding, and froth flotation and then treated with hydrochloric acid 
(HCl) to remove calcite. By now, the ore contains around 70% lanthanide oxides, which is 
then roasted to oxidize the cerium content to Ce (IV); whereas the other lanthanides in the 
(+3) state dissolve as a solution of the chlorides. On the other hand, monazite minerals are 
treated with sodium hydroxide (NaOH) to remove phosphate as Na3PO4. The concentrated ore 
(hydrated oxides) are dissolved in boiling HCl. Lanthanide oxides dissolves as a solution of the 
chlorides, leaving behind the insoluble ThO2 having moderate radioactivity.[1] The pure metals 
are obtained by fractional crystallization, ion exchange, or by liquid-liquid extraction methods. 
Conventionally, liquid-liquid extraction methods are largely used for industrial purification of 
REEs, which involves the consumption of large amounts organic solvents such as kerosene. 
However, the recent work has shown that ionic liquids can serve as better solvents for REE 
extraction.[2] 

Bismuth (Bi) is the heaviest among the pnictogen (Group 15) elements with the ground state 
electron configuration ns2np3 (Table 1). Arsenic (As) and Antimony (Sb), next heavier 
pnictogens, are considered to be metalloids and lighter nitrogen and phosphorus are non-
metals while bismuth is metallic. Unlike As and Sb, which are highly toxic,[3, 4] Bi compounds 
are well known to provide positive bio-activity.[5] Also, being an environmentally safe[6, 7] 
replacement for lead (Pb), the utility of Bi has been extended to synthesis of lead free alloys, in 
pharmaceuticals and chemicals, etc.  
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Table 1. Electronic configuration (E.C) of rare earth elements (REEs) and Bi. 

 

 

 

 

 

 

 

 

 

 

 

 

Bismuthinite (Bi2S3) and bismite (Bi2O3) are the most common minerals for bismuth. Usually 
bismuth metal is obtained as the sub-product in other metallurgical processes and very little 
percentage come from the processing of minerals where bismuth is the main metal. The pure 
metals are obtained from minerals by leaching with concentrated inorganic acids (H2SO4/HCl) 
and separated by precipitation methods (hydrolysis by NaOH) or from leaching mineral 
solutions by the solvent extraction methods.  

Lanthanide contraction: In the lanthanide series inner 4f orbitals are progressively filled up with 

increasing atomic numbers. Since the shielding effect exerted by f electrons is small, the outer 

shell s and d electrons are less shielded, hence decreasing the ionic radii of the lanthanides 
from 103 pm (La3+) to 86 (Lu3+) pm upon an increase of the positive charge of the nucleus. 
Moreover, the number of outer shell electrons is essentially unchanged (see Table 1) and, since 
these influence chemical behavior, the result has been a series of elements in which the 
chemical properties of adjacent members are very similar.  

The effect of lanthanide contraction is seen up to post-lanthanides from hafnium to bismuth.[8] 
The ionic radii of Bi+3 is 103 pm, which is just that of La3+. Due to the effect of lanthanide 
contraction, neighboring REEs exhibit similar chemical properties (oxidation state and ionic 
radii). This results in the occurrence of multiple REEs within a single mineral, which makes 
them difficult to separate from one another.[13] In addition, separation of REEs by conventional 
methods poses many challenges related to environmental safety. Hence, understanding the 

Element Atomic E.C M3+ E.C 
Sc [Ar] 4s2 3d1 [Ar] 
Y [Kr] 4d1 5s2 [Kr] 
La [Xe] 5d1 6s2 [Xe]4f0 
Ce [Xe] 4f15d16s2 [Xe]4f1 
Pr [Xe] 4f36s2 [Xe]4f2 
Nd [Xe] 4f46s2 [Xe]4f3 
Pm [Xe] 4f56s2 [Xe]4f4 
Sm [Xe] 4f6 6s2 [Xe]4f5 
Eu [Xe] 4f76s2 [Xe]4f6 
Gd [Xe] 4f75d16s2 [Xe]4f7 
Tb [Xe] 4f96s2 [Xe]4f8 
Dy [Xe] 4f106s2 [Xe]4f9 
Ho [Xe] 4f116s2 [Xe]4f10 
Er [Xe]4f12 6s2 [Xe]4f11 
Tm [Xe]4f136s2 [Xe]4f12 
Yb [Xe]4f146s2 [Xe]4f13 
Lu [Xe]4f145d16s2 [Xe]4f14 
Bi [Xe]4f14 5d10 6s2 6p3 [Xe]4f14 5d10 6s2 
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differential behavior of REEs towards a particular ligand could be a method of choice for their 
separation. For the present work, we have chosen Bi along with Y and La for the simple reason 
that all three form complexes in +3 oxidation states. However, depending on the nature of 
metal-ligand interactions, structural and functional chemistry of their complexes can be very 
diverse. We also demonstrate the scope of diverse chemical reactivity and complexity of metal-
ligand chemistry.  
 
In order to target the development of suitable ligands for extraction, a rational design based 
upon knowledge of fundamental bonding properties of REE and their process mechanisms is 
highly important. REEs are known to adopt a wide variety of coordination numbers and 
geometries depending on the substituents involved.[9, 10] It is well known that being strong 
Lewis acids, REEs prefer to bond with hard bases or ligands with highly electronegative donor 
atoms such as oxygen or nitrogen.[11] The properties of REEs coordination compounds with 
ligands such as β-diketones, carboxylates, 1,10-phenanthroline, etc. are widely studied.[12] On 
the other hand, ligands such as dithiocarbamates, dithiophsophates, and hydroxamic acid 
derivatives are well known for their industrial applications as flotation collectors. However, 
REE complexes of these ligands did not get much attention. In this thesis, we primarily focus 
on dithiocarbamate complexes of Y(III), La(III), and Bi(III) ions. 
 
1.2 Dithiocarbamate (DTC) complexes 

Dithiocarbamates (R2CNS2
–) are mono-anionic ligands which form stable complexes with most 

of the metals in the periodic table. They can stabilise a variety of oxidation states and 
coordination geometries and form compounds that show great structural diversities which 
range from monomeric to polymeric supramolecular assemblies. The binding property of 
dithiocarbamates i.e. i) monodentate, ii) bidentate chelating or iii) bidentate bridging varieties 
will determine the structural organisation and hence the physical and chemical properties of 
the resulting metal complexes. Representations of possible bonding environments for metal 
centres, in general, with DTC ligands are illustrated in Fig. 1 

DTC compounds have found wide-ranging applications in material science as precursors for 
REE sulphides, as flotation collectors, additives to lubricating oils, pharmaceutical industry, 
anticarcinogenic drugs, etc. DTC complexes of REEs can also be used to study the structural 
differences at the atomic level as well as the macro structural chemistry of such metal 
compounds. 

The REEs complexes with soft sulphur-donor are generally less stable. The tris REE 
chalcogenide complexes are moisture sensitive and they decompose above 100 °C. However, 
bidentate dithiocarbamate ligands, combined with neutral bidentate ligands with nitrogen 
donor atoms such as 1,10-phenanthroline or 2,2′-bipyridine, can form air/moisture stable 
complexes.[14] There are still issues related to growing crystals suitable for X-ray diffraction, 
especially, when dealing with dithiocarbamate ligands with long alkyl chains. Most of the REE 
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Figure 1. Bonding modes for a dithiocarbamate ligand: i) monodentate, ii) bidentate chelating 
or iii) bidentate bridging (M=metal centre, R=alkyl groups) 

complexes are monomeric with bidentate chelating dtc ligands. Also, the previously reported 
REE-DTC compounds were all isostructural.[14, 15] 

On the other hand, Bismuth being a soft Lewis acid can form DTC complexes that are quite 
air-moisture stable and also good quality single-crystals can be obtained at ambient conditions. 
In contrast to DTC complexes of REE, diverse molecular and crystal structures are reported for 
bismuth.[6, 7] The phenomenon of polymorphism or structural diversity on the atomic and 
supramolecular levels is generally observed for most of the Bi-DTC compounds.[16] Here we 
consider di-n-butyl dtc as the ligand of choice for Bi instead of diethyl DTC as for Y and La. 
This is because of the fact that the structure of a diethyl dtc complex of Bi is simple and well 
established; also the properties are studied in great detail. In turn, Bi-DTC complexes with the 
di-n-butyl DTC ligand have shown an interesting polymorphism worth to be explored in detail. 
In addition, Bi-DTC complexes with long alkyl chains make them better soluble in mineral oils 
than shorter chains, e.g. for application in lubrication technologies. As we show in our results, 
the 15N chemical shifts are also affected by orientation of these alkyl chains which make solid-
state 15N NMR spectra more complex.  
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Chapter 2 

Theory: X-ray Diffraction and Nuclear Magnetic Resonance (NMR)  

Once the compounds of interest are synthesised, the next crucial step involves physicochemical 
characterisation, molecular/crystal structure determination, and electronic structure and 
property calculations, etc. In other words, multidisciplinary approach to the characterisation is 
necessary in order to better understand the nature of the materials. Commonly used methods 
include Infrared (IR) spectroscopy, Raman spectroscopy, Scanning Electron Microscopy (SEM), 
Differential Scanning Calorimetry (DSC), X-ray diffraction, neutron diffraction, NMR 
spectroscopy, and quantum chemical models (Chapter 3) to mention but a few.  

2.1 X-ray Diffraction 

Solids can be classified into three main groups, namely, amorphous, polycrystalline, and single-
crystals depending on the degree of order to which the atoms or molecules are arranged in 
three dimensions. Single-crystals have a regular geometrical shape and a high degree of order, 
throughout the entire volume of the material, unlike the polycrystalline or amorphous 
materials for which the degree of order extends up to many or only a few atomic/molecular 
dimensions, respectively. 

Powder samples of any organic/inorganic material may well be characterised by powder X-ray 
diffraction (PXRD) analysis. This technique does not require individual single crystals, instead 
powder samples of a crystalline material. Moreover, the powder pattern represents property of 
the bulk material rather than of a single crystal. The powder pattern database can be used to 
identify the materials of interest since most materials have unique diffraction patterns. The 
diffraction pattern can be used to determine and refine the lattice parameters of a crystal 
structure.  However, the major limitation of the PXRD technique is that no information about 
the arrangements of atoms, chemical bonding can be obtained.  

On the other hand, single-crystal XRD offers more structural information than PXRD 
techniques. For single-crystal measurements, one must have a neat crystal of 50-250 microns in 
size and the crystals must be transparent. Single-crystal X-ray diffraction (XRD) provides 
detailed information about the internal lattice of crystalline substances, including unit cell 
dimensions, bond lengths, bond angles, molecular orientation, and also weak van der Waals 
interactions.  

The wavelength (λ) of electromagnetic radiation colliding with the sample is related to the 
diffraction angle (θ) and the lattice spacing (d) in a crystalline sample according to the famous 
Bragg’s law (Fig. 2): 

nλ = 2d sinθ              (1) 
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Figure 2. Deriving Bragg’s Law using reflection geometry and applying trigonometry. [nλ = 2DE 

where DE = d sinθ]. 

The diffracted X-rays are detected, processed and counted for all possible diffraction directions 
of the lattice by changing the angle of the incident rays and orientations of the crystal. The 
spatial arrangement of the unique reflections is referred to as a diffraction pattern. Indices (hkl) 
are assigned to each reflection, indicating its position within the diffraction pattern. The 
pattern has a reciprocal Fourier transform relationship to the crystalline lattice and the unit cell 
in real space. Finally, the data generated from the X-ray analysis is interpreted and refined to 
obtain the crystal structure. 

To correlate the NMR parameters to the molecular structures of the complexes studied, we 
obtained the X-ray crystal structures, by single-crystal XRD, for all three of metal complexes.  

2.2 Nuclear Magnetic Resonance (NMR) Spectroscopy  

A nucleus with non-zero nuclear spin (I≠0) possesses angular momentum J and associated with 
it a magnetic moment, μ, such that  

J�� �      (2) 

where γ is the magnetogyric ratio. In an external magnetic field (B0), these magnetic moments 

align themselves, the orientation of which depends on the spin state (I) of the nucleus and the 
population difference of such states are governed by the Boltzmann distribution function 

Tk
E

Be
N
N �

�
�

�       (3) 

where α and β are the parallel and antiparallel orientation of the spin states for a spin-half 
nucleus, Nα,β are the population of each spin state, kB is the Boltzmann constant, ΔE = Eβ–Eα, 

and T is the temperature. At equilibrium, there will be a small preferential orientation of 
magnetic moments parallel to the applied field and hence an excess of nuclear spins in α state. 

This tiny population difference between α and β states results in what is called the bulk 

magnetization vector, M0, (Figure 3a). 
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In classical mechanics, the effect of B0 on the magnetic moments can be described as torque 
acting on the moment, which therefore makes the magnetic moments moving in a circular 
path. This motion of magnetic moment is referred to as Larmor precession (Fig. 3b). 

                                         

Figure 3. a) Vector model showing a bulk magnetisation vector (M0) along B0 and b) Larmor 
precession of magnetic moments about z-axis. 

The transition between the nuclear spin states of energy α and β can be caused by photons, 
electro-magnetic radiation of radio frequency, whose frequency is ν, when the energy gap  

�
�

	
2

0Bh
hE 
���  (Hz)     (4) 

where h is Planck’s constant and –γB0  is the Larmor frequency of the nucleus in (rads–1). 

2.2.1 Solution-State NMR 

Solution-state NMR is one of the most widely used techniques for determining the liquid-state 
structures of variety of molecules including organic compounds, natural products, bio-
molecules, metal complexes, etc. Due to fast isotropic tumbling motion of solute molecules in 
the solvent, only an average structure of the molecules need to be calculated for assigning 
solution-state NMR spectra. 1D NMR of 1H or X-nuclei (X= 13C, 15N, 19F, etc.) are routinely 
performed to check the purity of the compounds as well as for structure determination, 
however, multi-dimensional such as 2D and 3D NMR experiments are very useful in solving 
the structures of molecules by correlating the homonuclear or heteronuclear chemical shifts 
and to remove severe overlap between resonance lines in 1D NMR spectra. 

2.2.2 Chemical Shift  

The chemical shift ( ppm� ) of a nucleus is the chemical diagnostic of its surrounding 

environment. It is the resonance frequency of a nucleus of interest relative to a reference. The 

(a) (b) 
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induced magnetic field due to the motion of electrons around the nucleus in a molecular 
orbital will be added to or subtracted from the external field (B0) depending on the local 
environment of the nucleus and thereby causing a variation in the resonance frequency.  The 
magnitude of such induced field is proportional to the strength of the applied field (B0), so that 

the effective field effB  at the nucleus i is given as  

)-(0 iσ1BBeff �     (5) 

where iσ is the nuclear shielding tensor and 1  is the unit matrix. 

In normal NMR experiments B0 is a uniform field along z-axis so that 

)(0 iZZσ1
� BBeff     (6) 

Substituting in equation (4),   )(
2 0 iZZσ1
� Bi

i �
�

	   (7) 

where i	  is the resonance frequency of nucleus i  with magnetogyric ratio of i� .  

The chemical shift of a nucleus of interest ( ppm� ) can be defined as  

610
-

��
ref

refi
ppm 	

		
�     (8) 

where ref	  is the resonance frequency of the reference sample, the factor 106 is required as the 

chemical shift is rather small so the final values are quoted in parts per million (ppm).  

2.2.3 Single pulse experiments 

In single pulse experiments nuclear spins (I≠0) are excited by applying radiofrequency (rf) 

pulses of known duration (pulse length) and strength (B1 field) (Fig. 4a). When the pulse is off, 
the rf coil detects the induced electromotive force (emf), which results from the precessing 
magnetization vector in the x-y plane after the excitation pulse (Fig. 4b) The digitized signals are 
collected as a function of time, known as free induction decay (FID) (Fig. 4c), the Fourier 
transformation (FT) of which gives the resonance lines in the frequency domain. The plot of 
intensity as a function of frequency is the NMR spectrum (Fig. 4d).  



9 | P a g e  

a)                          b)    

c)                           d)  

Figure 4. a) Pulse sequence for one-pulse experiment, b) Vector diagram showing a 90° rf pulse 
of strength B1 along the x-axis, tilting the magnetization to –y axis; c) Free induction decay 
(FID); d) An example of a hypothetical Fourier transform NMR spectrum showing resonance 
frequencies at ν1 and ν2 w.r.t an offset frequency of ν0. 

2.3 Solid-state NMR 

Solid-state NMR spectroscopy has been one of the powerful tools used for a wide range of 
applications from the characterisation of simple organic compounds to the study of molecular 
structures of systems such as metal complexes, polymers, and biomolecules in solid phase. 
Moreover, it has been extensively used in identifying the number of non-equivalent chemical 
sites, phenomenon of polymorphism or structural disorder, surface chemistry, etc. 

2.3.1 Chemical Shielding Anisotropy (CSA) 

The external magnetic field (B0) enforces the electrons surrounding a nucleus to produce 
secondary magnetic field. The interaction of the secondary field produced by the electrons with 

FID 
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the nucleus are known as shielding interaction, which can be expressed by chemical shielding 
Hamiltonian acting on spin I 

0IH BCSA � σ�     (10) 

where σ is a second-rank tensor, called the shielding tensor. The shielding tensor can be 

decomposed into symmetric ( s� ) and antisymmetric components ( as� ), however, only the 
symmetric part of the shielding tensor affects NMR spectrum significantly.  

ass ��� ��     (11) 

where 
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The components of the anisotropic shielding tensor in an arbitrary coordinate system (x, y, z), 

ji,� , can be obtained by a transformation of the shielding tensor to a frame of reference 

defined by axes X, Y, and Z [in the principal axis system (PAS)]. This coordinate transformation 

diagonalises the matrix (σs) to give the three principal components ( XX� , YY� , ZZ� ). The 

following conventions are used for calculation of nuclear shielding parameters [ iso� , η, and Δ] 

from shielding eigenvalues.  

Isotropic chemical shift: )++(
3
1

ZZYYXXiso ���� �               (12) 

Chemical Shift anisotropy: 
isoZZ �� 
��       (13) 

Asymmetry parameters: )10(;)(
��

�



� �
��

� YYXX      (14) 

where isoYYisoXXisoZZ ������ --- [17] (i.e., ZZ�  is the principal component farthest 

from iso� , and YY�  is the component closest to iso� ) 

The corresponding principal components of chemical shift tensors, viz. ZZ� , YY� , and XX�  are 

defined as follows: 

isoYYisoXXisoZZ ������ ---    (15) 

where 
��

����

�
��

�





�

1
)(ref
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the chemical shift tensor ZZ� is related to 11� , 22� , 33�  in the molecular PAS frame by,  

332211

2
3

2
2

2
1 ������� ���ZZ     (16) 

��
���
���

cos
sinsin
sincos

3

2

1

�
�
�

    (17) 

where α and β are the polar angles that the applied field B0 makes in the molecular PAS (X,Y,Z) 
frame (Fig.5) 

112233 ��� �      

and the isotropic chemical shift,  

)(
3
1

332211 ���� ���iso        (18) 

 

Figure 5. Euler angle which rotate principal axis system [X, Y, and Z (PAS)] in molecule and 
laboratory frame (x, y, z), where z is taken along the direction of applied field. 

2.3.2 Powder Pattern 

The NMR signal from polycrystalline or powder samples arises from the sum of all possible 
contributions of randomly oriented crystallites relative to B0. The resonance lines produced by 
different crystallites have different frequencies, and the sum spectrum produced by all the 
crystallites in the sample, powder pattern, spread out to a wide range of frequencies. The three 
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principal values of chemical shift tensor ( 332211 ,, ��� ) can be obtained by the analysis of the 

powder pattern spectra (see Fig. 6). However, when there are several non-equivalent chemical 
sites in a sample, (it is the case in general) the powder patterns from each may overlap, resulting 
in a very complicated and poorly resolved NMR spectrum.  

 

Figure 6. Powder pattern for a non-axially symmetric tensor. 

2.3.3 Magic-Angle Spinning (MAS) 

In static solids, the effects of chemical shift anisotropy, dipolar couplings, and qudrupolar 
couplings interactions (I > 1/2) do not get averaged unlike in solution NMR spectra (where due 
to the rapid isotropic tumbling of the molecules these orientation dependent anisotropic 
interactions are averaged to zero).  

Magic-angle spinning achieves the same result for solids i.e. the chemical shift anisotropy and 
heteronuclear dipolar couplings, quadrupolar couplings (first order), and homonuclear dipolar 
coupling (at very high spinning frequencies) are removed. This simplification of solid-state 
spectra by MAS is due to the fact that the isotropic parts of the dipolar coupling tensor and the 
electric field gradient (EFG) tensor are zero. 

By spinning the sample around a given axis (see Fig. 7), the average orientation dependence of 
the spin interactions becomes:  

)1-cos3)(1-cos3(
2
11cos3 222 ��� R��
�   (19) 

where β is the angle between the principal z-axis of the shielding tensor and the rotor axis; θR, is 

the angle between the applied field B0 and the rotor axis, θ is the angle between principal z-axis 
of the shielding tensor and B0 field. Angle β is fixed for a given spin site; however, both θ and β 

can take all possible values in a powder sample. Note that θR is the same for all crystallites in 

the sample. When θR is set to 54.74° and the sample spinning rate is high, then the orientation 

dependence of the spin interactions above is removed i.e. 1-cos3 2
R� = 0 and the average 

�� 1-cos3 2�  is zero. The angle 54.74 ° is called the magic-angle. 
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Figure 7. Schematic representation of Magic-angle spinning experiment, sample is spun at high 
speed in a rotor at the magic-angle (θR = 54.74°) w.r.t to B0. 

2.3.4 Cross Polarisation (CP) 

Cross-polarization in combination with magic-angle spinning (CP-MAS) is one of the most 
widely used solid-state NMR techniques in observing nuclei which have low natural 
abundance, for example, 13C (1.1 %), and 15N (0.36 %). A schematic diagram of the CP pulse 
sequence is shown in Fig. 8. This sequence works on the principle of a polarisation transfer 
from the high abundant nucleus (1H) to a low abundant X nucleus via dipolar coupling 
between 1H and X. A 90° excitation pulse along the x-axis on 1H creates transverse 
magnetisation along –y axis. A contact pulse is applied (along –y) simultaneously to both 1H 
and X spins so that the so called Hartmann-Hahn (H-H) matching condition is achieved:  

i.e. )()( 1
1

1 XBHB XH �� �      (20) 

where )(1
1 HB  and )(1 XB are the spin-lock fields during 1H and X contact pulses (along –y), 

respectively. When the H–H condition is met, the energy gaps between 1H and X spins become 
equal and so the energy redistribution between 1H–X spin states can occur via heteronuclear 
dipolar coupling. The large 1H magnetization thus reduces because of the 1H spin state 
transitions ( ** �� � ). At the same time X spin ( ** �� � ) transitions occur to conserve 

energy (* in the rotating frame). Finally, a large X magnetisation in the direction of the B1(X) 
field is created (Fig. 9). 
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Figure 8. Cross-polarisation pulse sequence showing initial 90°(x) pulse on protons; a contact 
pulse (–y) on both nuclei; proton decoupling is switched on during signal acquisition in order 
to remove heteronuclear 1H–X couplings. 

 

Figure 9. Schematic representation of Hartmann-Hahn matching condition; the proton and X 
magnetisation precess in the rotating frame at the same rate, allowing for transfer of the 
abundant spin (proton) polarisation to less abundant (X) spins. (α* and β* are spin states of 1H 

and X nuclear spins in the rotating frame; XH 00 ,�� are the resonance frequencies for proton 

and X nuclei, respectively).
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Chapter 3  

Density Functional Theory (DFT) for NMR Parameter Calculations 

3.1 Quantum Chemical Methods in Structure-Property Calculations  

The equilibrium geometry of molecules may be determined from either experiment or by 
computational methods. Prediction of the electronic and geometric structure of a solid requires 
calculation of the quantum-mechanical total energy of the system and subsequent minimization 
of that energy w.r.t the electronic and nuclear coordinates, i.e. the convergence of the 
molecular geometry requires a search for an energy minimum on a potential energy surface 
(Fig. 10).  

(a)      (b)  

Figure 10. A schematic representation of the potential energy curve for a diatomic molecule (a) 
and potential energy surface and geometry for a polyatomic molecule (b). Transition state 
geometry can only be determined by calculations. 

The primary goal of most approaches in quantum chemistry is the solution of the time-
independent (non-relativistic) Schrödinger equation,  

),...,,,...,(),...,,,...,( 21212121

�������������

��� NniiNni RRRxxxERRRxxxH   (21) 

For a system of N nuclei and n electrons, the nuclei of the treated molecules are considered as 
fixed (the Born-Oppenheimer approximation); the Hamiltonian can be written as 
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Where i, j denote the n electrons while A denote the nucleus, elecH is the Hamiltonian, T is the 

kinetic energy, V is the external (nuclear) potential energy, eeV is the electron-electron 
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interaction operator. Equation (22) is not separable into simpler single-particle equations 

because of the interaction term eeV .  

There are many approximations available for solving the many-body Schrödinger equation (21). 
The ab intio methods start with the Hartree-Fock (HF) approximation in that the HF equations 
are first solved to find spin orbitals. However, the limitation with these methods is the huge 
computational difficulty of performing calculations on large molecules, especially with large 
basis sets.  

3.2 Density Functional Theory 

Density functional theory (DFT) provides an alternative to the ab initio methods. The electron 
probability density (ρ) is the central quantity in DFT, where the electronic ground state energy 
is considered to be a functional of the electron density and is denoted as )("E . The exact 

ground-state electronic energy expression for n-electron systems can be written as follows 
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where the one-electron spatial orbitals i�  (i = 1, 2, …, n) are the so called Kohn-Sham orbitals; 

the first term represents the kinetic energy of electrons; the second term is the Coulomb 

interaction between the total charge distribution at r1 and r2; the third term, )("XCE , represents 

exchange-correlation energy of the system; and the last term is the electron-nucleus attraction 
where the sum is over all N nuclei with index A and atomic number ZA.  

It is necessary to determine the set of wave functions  i�  that minimize the K-S energy 

functional, which can be obtained from Eq. (21) by applying the variational principle to the 
electronic energy, 

iiiKSh ��� ! ,               NXCKS VrVrd
r
rh ���� $ )()(

2
1- 12

12

22 "
  (24) 

where i!  is the Kohn-Sham orbital energies, VN is the nuclear potential. The exchange-

correlation potential ( XCV ) which can be expressed as the functional derivative of XCE with 

respect to ρ,  

i.e. 
�"

"�
"

)(
)( XC

XC
E

V �                          (25) 
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The exact form of XCE  is unknown, so we are forced to use approximate expressions for it, 

Local Density Approximations (LDA), Generalised Gradient Approximation (GGA), or hybrid 
functional approach, in which part of the exact HF exchange is mixed in the functional, etc. 
are the few schemes that have been developed for obtaining approximate forms for the 
exchange-correlation energy.  

On the other hand, the pseudopotential theory allows one to describe the nucleus and core electrons 
with effective function form for the valence electrons i.e. effective nucleus-valence and core-valence 

interactions. In this method, the valence pseudo orbitals are treated in the effective potential 
replacing the explicit core electron and bare nucleus contributions. This allows the 
simplification of solution of the Schrödinger equation by making the expansion of the wave 
function in a relatively small set of plane waves or molecular orbitals.  

In dealing with a periodic configuration of a crystalline solid, however, the so called periodic 
boundary conditions have been applied extensively. In this method, a large (ideally infinite) 
extended, periodic solid is approximated by using a small part of the system called a unit cell. 
This is usually done by applying Bloch’s theorem, taking advantage of the lattice translational 
symmetry of crystals, so that the electronic structure can itself be rationalised in terms of a new 
quantum number, called k-vector. 

3.3 k-point sampling 

According to Bloch’s theorem, in a periodic solid, the eigenstate ψ of the Hamiltonian can be 
chosen so that associated with each ψ is a wave vector k such that 

)()( rr rk
i

i
i fe �%     (26) 

where the cell-periodic part of the wave function, )(rfi , can be expanded using a basis set 

consisting of discrete set of plane waves whose wave vectors are reciprocal lattice vectors of the 
crystal, 

# �
G

rG
Gr )(

,)( i
ii ecf     (27) 

where G is the reciprocal lattice vector defined by ml �2�G for all lattice vector l of the 
crystal and m is an integer. 

Finally, the electronic wave function of a periodic solid can be written as  

# �
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ii ec%      (28) 

Bloch’s theorem implies that in order to calculate the electronic potential and the total energy 
of a solid, only the electronic states at a finite number of k-points in the first Brillouin zone are 
required[18] and the computed total energy will converge as the density of k-points increases.  
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3.4 NMR shielding by DFT 

Quantum chemical methods have been used to calculate NMR shielding tensors for nuclei in a 
variety of molecules. These calculations have proven to be very useful for providing insights 
into the underlying mechanism of nuclear shielding, including the dependence on molecular 
conformational changes and intermolecular interactions such as hydrogen bonding, structural 
disorder, etc. The accuracy of such calculated nuclear shielding constants and the orientations 
of the principal axes depends strongly on the quantum chemical calculations used, for example 
semi-empirical, ab-initio, or DFT methods. Nuclear shieldings are very sensitive to the 
electronic and geometrical structure of a compound and hence it is somewhat difficult to 
compute them accurately. 

NMR shielding property of nuclear spins can be expressed as second derivatives of the total 
energy (E) w.r.t. two perturbations viz. magnetic field (B) and nuclear magnetic moment (μ).  
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,     (29) 

3.5 Relativistic DFT calculations 

It is a well established fact that the core electrons in heavy atoms can attain a substantial 
fraction of speed of light and hence show sizable relativistic effects. It is also true that the 
valence electrons exhibit relativistic effects of the same order as core orbitals, which cause 
significant changes in the chemical properties of heavy element compounds.  

The four-component Dirac equation[18, 19] is a good approximation for the description of 
electromagnetic fields and the electrons for smaller systems. Since these calculations are still 
expensive, further approximation is required for their application in large systems. The 
standard expansion of Dirac equation gives the zeroth order non-relativistic equation, which is 
defective for Coulomb-like potentials. On the other hand, regular expansions gives the zeroth 
order regular approximated (ZORA) equation that accounts for most relativistic effects and 
even valid for Coulomb-like potentials.[21, 22] 

3.6 Basis Set 

Quantum chemical calculations are performed using a finite set of functions, called basis 
functions used to form molecular orbitals. These basis functions can be atomic orbitals 
centered on atoms, linear combination of Kohn-Sham orbitals, or just plane waves (PWs), 
which are delocalized, periodic basis functions.  

In our gas phase calculations, we have used the all-electron Slater-type orbitals (STO’s) as basis 
functions. Slater basis functions resemble the true atomic orbitals where the center of the 
function is at the nucleus. The quality of such STO’s ranges from single-zeta (SZ) to quadruple-
zeta (QZ) sets with various diffuse and polarization functions.  
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Basis set size of plane waves depends on a volume of the box and cutoff energy. In principle, an 
infinite PW basis set is required to expand the electronic wave functions. However, the PW 
basis sets can be truncated to include only the PWs that have kinetic energy less than some 
cutoff energy. Truncation of PW basis set leads to an error in the total energy. The quality of 
basis set can be adjusted using a single parameter, by increasing cut off energy if basis set is 
small. 
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Chapter 4 

Experimental Section 

4.1 Synthesis 

4.1.1 Diethyl dithiocarbamate ligand 

The potassium di-n-diethyldithiocarbamate was obtained by the reaction of diethyl amine with 
carbon disulphide (1:1) in an alkaline medium at a temperature below 10 C. The crude 
product was purified by recrystallisation from ethanol and characterised by solution-state NMR 
(1H and 13C). 

 4.1.2 Yttrium(III) diethyldithiocarbamato-phenanthroline 

The complex was prepared by the reaction of a solution of potassium diethyldithiocarbamate 
and 1,10-phenanthroline (3:1) in ethanol with the solution of yttrium(III) chloride hexahydrate 
in ethanol. The light yellow precipitate obtained was filtered, washed with ethanol and dried. 
The compound was characterised by solution-state NMR (1H and 13C). Crystals suitable for X-
ray diffraction crystallography were obtained from a saturated solution of the sample in CHCl3. 

4.1.3 Lanthanum(III) diethyldithiocarbamato-phenanthroline 

The complex was prepared by the reaction of a solution of lanthanum(III) nitrate in 
acetonitrile with a solution of diethyldithiocarbamate and 1,10-phenanthroline (3:1) in 
acetonitrile. The light yellow precipitate obtained was filtered, washed with 
acetonitrile/ethanol and dried at 40 C. The compound was characterised by solution-state 
NMR (1H and 13C). Crystals suitable for X-ray diffraction crystallography were obtained from a 
saturated solution of the complex in a chloroform/ethanol mixture by a slow evaporation of 
the solvents at room temperature over one week.   

4.1.4 Di--n-butyldithiocarbamate ligand 

Sodium di-n-butyldithiocarbamate was obtained by the reaction of dibutylamine with carbon 
disulphide (1:1) in an alkaline medium at a temperature below 5°C. A crude product was 
purified by recrystallisation from ethanol and characterised by solution-state NMR (1H and 
13C). 

4.1.5 Bismuth(III) di-n-butyldithiocarbamate, polymorph I 

The complex was prepared by combining a solution of bismuth(III) nitrate pentahydrate with a 

solution (50 mL ethanol + 50 mL) of a sodium salt of di-n-dibutyl dithiocarbamate (1:3). The 
resulting solution was suction filtered, dried, and extracted with chloroform. Needle shaped 
crystals were obtained by recrystallisation of the crude product in acetonitrile over 24 hours. 
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4.1.6 Bismuth(III) di-n-butyldithiocarbamate, polymorph II 

The binuclear centrosymmetric polymorph of the complex was prepared by the reaction of 
bismuth(III) nitrate pentahydrate in acetonitrile with a sodium salt of di-n-butyldithiocarbamate 
(1:3) in water. The solvent was rotary evaporated and the crude product was obtained by 
extraction with chloroform. After rotary evaporation of the solvent, the binuclear bismuth 
complex was obtained by recrystallisation from dilute acetonitrile over 24 hours.  

4.2 Experimental Methods 

4.2.1 Powder X-Ray Diffraction (PXRD) 

PXRD patterns of polycrystalline complexes were collected using a PANalytical Empyrean X-ray 
diffraction spectrometer (45 kV and 40 mA) and Cu Kα radiation with λ=1.54 Å. Data 
collection was performed over the range 2θ=5-50  with a scan interval of θ=0.013 . The 
calculated PXRD pattern for the experimental structures was obtained with the Mercury 
Crystal Structure simulation software (version 3.1).[26]                                                                 

4.2.2 X-ray diffraction crystallography 

X-ray reflections for yttrium and bismuth dtc (polymorph I) complexes were collected on a 
Bruker APEX-II CCD diffractometer using Mo Kα (λ = 0.71073 Å) radiation. Data reduction 
was performed using Bruker SAINT Software. Intensities for absorption were corrected using 
SADABS. Structures were solved and refined using SHELXL-2008 with anisotropic 
displacement parameters for non-H atoms. All C-H atoms were fixed geometrically using the 
HFIX command in SHELX-TL. A check of the final CIF file using PLATON did not show any 
missed symmetry. Reflections of the lanthanum dtc complex were collected at 150(2) K on a 
Bruker Nonius Kappa CCD diffractometer using a graphite monochromated Mo Kα radiation 
(λ = 0.71073 Å). The structures were solved using SIR-92 and refined using SHELXL-97. 

4.2.3 Solution-state NMR  

1H, 13C, and 15N NMR spectra were recorded on a Bruker Ascend spectrometer operating at 
400.01 MHz, 100.60 MHz, and 40.54 MHz respectively. Radio frequency 90° pulse lengths 
were 8.8, 8.4 and 18 μs for 1H, 13C, and 15N, respectively. 1H and 13C NMR spectra were 
referenced to TMS, while 15N NMR spectra were referenced to neat CH3NO2 (381.7 ppm),[27] 
and reported relative to liquid NH3. 

4.2.4 Solid-state NMR 

 13C and 15N CP-MAS NMR spectra were recorded on an Agilent/Varian/Chemagnetics 
InfinityPlus CMX-360 spectrometer operating at 90.52, and 36.48 MHz, respectively. For all 
13C CP-MAS NMR experiments about 60 mg of the sample were packed in a Zirconia rotor 
(4.0 mm in diameter) whereas for 15N about 300 mg of the sample were packed in a rotor 7.5 
mm in diameter. The following spectral parameters were used for CP-MAS acquisitions: 1H 
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π/2 pulse length was 5 μs, 1H CP field strength was 67 kHz, 1H–13C CP contact time was 2-3 
ms, 1H-15N CP contact time 2 ms, 5 s recycle time was used for CP, and a broadband TPPM[18] 
decoupling was used during the signal acquisition at a 1H field strength of 67 kHz. 13C NMR 
chemical shifts were externally referenced to the downfield peak of powder adamantane (38.48 
ppm with respect to TMS) whereas 15N chemical shifts were referenced to ammonium chloride 
(15N enriched) (39.2 ppm with respect to liquid NH3). 

4.3 Computational Details 

4.3.1 Periodic DFT based geometry optimisation 

Geometry optimisations were carried out by a DFT based CASTEP code. Geometry 
optimizations for all complexes were run through the Accelrys Materials Studio Modelling 7.0 
interface using the Perdew-Burke-Ernzerhof (PBE) functional. The structures were described as 
extended solids using periodic boundary conditions. During geometry optimisation the so-
called “ultra-soft” pseudopotentials (USPP) were used to describe the interaction of the valence 
electrons with the nuclei and core electrons.  Within the periodic boundary conditions, the 
positions of all hydrogen atoms were allowed to relax since it is difficult to determine the 
accurate proton positions from X-ray diffraction data. The wave functions were expanded using 
a plane wave (PW) basis set with a kinetic energy cut-off of 400 eV. For the atomic relaxation, a 
force tolerance parameter of 0.01 eV/Å was used, while for the whole cell optimisation, 
variation in the ionic forces between consecutive iterations to be less than 0.04 eV/Å and a 
stress tolerance parameter of 0.1 GPa was imposed. 

4.3.2 Periodic DFT based NMR shielding calculations 

For the calculation of NMR shielding constants, the all-electron information was reconstructed 
using a GIPAW method as implemented in the NMR CASTEP 7.0 code. The wave functions 
were expanded using a plane wave (PW) basis set with a kinetic energy cut-off of 440 eV for 
NMR calculation. The self-consistent field (SCF) calculations were considered to be converged 
when the total energy of the system is stable within 10-5 eV. 

4.3.3 Gas phase calculations 

Gas phase calculations of molecular units of experimental structures, for which the hydrogen 
atoms were optimised using the CASTEP code, were performed with an ADF program 
package. We have employed the Slater type orbitals (STOs) basis sets from the standard ADF 
basis set library such as the valence triple-ζ basis set with two polarisation functions (TZ2P). We 
discuss briefly, non-relativistic and relativistic (two component ZORA) effects on NMR 
shielding calculations. 1H, 13C, and 15N chemical shifts were calculated as the difference 
between the absolute shielding constant for reference compounds and the shielding constant 
of each nucleus on the sample molecule where the reference molecule is TMS for 1H and 13C, 
and NH3 for 15N. The valence triple-ζ basis set with two polarisation functions (TZ2P) at the 
PBE level of theory was used for the geometry optimisation of all reference molecules unless 
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otherwise mentioned. Reference shielding values were calculated with the same level of theory 
as the complex. 
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Chapter 5  

Results and Discussions 

5.1 Powder XRD patterns 

As a first step towards investigating the structural features of diethyldithiocarbamato-
phenanthroline complexes of yttrium and lanthanum, we compare and contrast the X-ray 
powder patterns for both of these complexes (Fig. 11). It is a well-known fact that most 
crystalline materials have unique PXRD patterns. Therefore, the PXRD patterns can be used to 
identify fingerprints of crystalline phases leading to a qualitative characterisation of materials. 
The comparison based on visual assessments of the similarities and/or differences between the 
PXRD patterns shows largely different patterns for the yttrium and lanthanum complex, clearly 
indicating that the two structures are crystallographically different. For example, the highest 
intensity peak was observed at 2θ  18.14 with d-spacing 4.886Å and 10.427 with d-spacing 
8.51269 Å, respectively, for lanthanum dtc and yttrium dtc complexes. In addition, the yttrium 
complex shows very similar PXRD patterns to that of previously studied REE 
diethyldithiocarbamato-phenanthroline complexes.[14] In contrast, we found a very unique 
PXRD patterns for the lanthanum complex.  

 

 

Figure 11. X-ray powder patterns for a) yttrium diethyldithiocarbamato-phenanthroline 
complex and b) lanthanum diethyldithiocarbamato-phenanthroline complex. 

(a) 

(b) 
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5.2 Single-crystal X-ray diffraction structures of heteroleptic Y(III), La(III), and homoleptic 
Bi(III) dithiocarbamate 

Yttrium diethyldithiocarbamato-phenanthroline complex (paper I): The unit cell representation 
of the yttrium complex is depicted in Fig. 12a showing four differently oriented, but 
structurally equivalent monomeric molecules. The monomeric molecular structure is shown in 
Fig. 12b. The complex crystallizes in the monoclinic space group P21 /c with lattice parameters 
a = 16.911(3) Å, b = 10.541(2) Å, c = 18.499(4) Å; α = 90.0 , β = 97.2(10) , γ = 90.0 . All DTC 
ligands are bonded to yttrium ion in a bidentate mode. Interestingly, for the two sulphur atoms 
in one of the DTC ligand (i.e. S3 and S4) the Y-S bonds are equally stronger whereas for other 
two DTC ligands one of the S-Y bonds is stronger than the other. Therefore, the three DTC 
sites are not exactly equivalent. 

Lanthanum diethyldithiocarbamato-phenanthroline complex (paper II): Fig. 13a represents the 
crystal structure of lanthanum dtc complex, crystallizing in the triclinic space group P-1 with 
lattice parameters a = 11.082(2) Å, b = 17.106(3) Å, c = 18.304 (4) Å; α = 91.96(3) , β = 
103.92(3) , γ = 94.31(3) . The unit cell has four orientationally independent monomeric 
molecules; two pairs are related by a centre of symmetry (Fig. 13b). There are two possible 
orientations for one of the monomeric molecules: orientation A with probability of 52.3 % 
and orientation B with probability of 47.7 %. These two alternatives are distributed randomly 
in the lattice and hence the crystal structure determination shows them overlapped with 
appropriate site occupancy factors. 

Bismuth tris(di-n-butyldithiocarbamate)  Polymorph I (paper III): The crystal structure of 
bismuth tris(di-n-butyldithiocarbamate) polymorph I is shown in Fig. 14a. Polymorph I 
crystallizes in triclinic space group P-1 with lattice parameters a = 13.7919(3) Å, b = 16.7642(5) 
Å, c = 31.3282(7) Å; α = 95.316(2) , β = 92.642(10) , γ = 94.072(10) . The unit cell has four 
orientationally independent dimers; two structurally non-equivalent pairs are related by a 
centre of symmetry (Fig. 14b).  

The crystal structure of bismuth tris(di-n-butyldithiocarbamate) polymorph II is shown in Fig. 
15a. Polymorph II was crystallized in monoclinic space group P21/c with lattice parameters a = 
16.802 (9) Å, b = 10.256 (6) Å, c = 25.083(10) Å; α = 90 , β = 121.77(3) , γ = 90 . The unit cell 
has four monomeric molecules, forming two pairs of centrosymmetric dimers related by a 
centre of symmetry. The monomeric molecule of the complex is depicted in Fig. 15b. 
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a) 

 

b) 

 

Figure 12. a) Crystal structure Yttrium diethyldithiocarbamato-phenanthroline complex, b) 
Molecular structure of Yttrium diethyldithiocarbamato-phenanthroline complex (the hydrogen 
atoms are not shown for clarity).  
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a) 

 

b) 

 

Figure 13. a) Crystal structure of Lanthanum diethyldithiocarbamato-phenanthroline complex, 
b) the two non-centrosymmetric monomeric molecules in the unit cell of lanthanum 
diethyldithiocarbamato-phenanthroline complex, only the configuration A is shown here. (The 
hydrogen atoms are omitted for clarity) 
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a) 

 

b) 

 

Figure 14. a) Crystal structure of Bismuth di-n-butyldithiocarbamate complex, Polymorph I, b) 

Two pairs of non-centrosymmetric dimeric molecules in the unit of  of Bismuth di-n-
butyldithiocarbamate complex (the hydrogen atoms are not shown for clarity). 

 



 

30 | P a g e  

 

a) 

 

b) 

 

Figure 15. a) Crystal structure of Bismuth di-n-butyldithiocarbamate complex, b) Molecular 

structure of Bismuth di-n-butyldithiocarbamate complex, Polymorph II (the hydrogen atoms are 
not shown for clarity). 
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5.3 Solid-State 13C and 15N NMR Spectra 

Yttrium diethyldithiocarbamato-phenanthroline complex: The structure assignment was partially 
accomplished by comparing 13C and 15N CP-MAS solid-state NMR spectra [Figs. 16a and 17a]. 
However, for complete assignment (atom-wise) of 13C and 15N solid-state NMR spectra, we have 
used the relative chemical shift differences from DFT calculated values. Experimental chemical 
shift values for 1H, 13C, and 15N together with calculated values for the modeled structures are 
given in Table 6 (Paper I). Although there are 12 dithiocarbamate ligands in the unit cell (3 for 
each site), altogether there are only two distinct 13C (ratio 2:1) and 15N (1:2) NMR signals for 
solid dithiocarbamate (–S2CN=) groups. Therefore, one can conclude that there are only two 
symmetry-unique dithiocarbamate sites in the unit cell. However, by inspecting the bond 
length (C-S, C-N etc.) and bond angles (S-C-S, S-C-N etc.) of –S2CN= sites we confirm that 
none of these sites are (exactly) equivalent and hence difficulty in assigning those resonance 
lines to the respective atom. 

Lanthanum diethyldithiocarbamato-phenanthroline complex: In this case, we have observed five 
distinct 13C resonance lines with relative integral intensities (1:2:1:1:1) and three 15N resonance 
lines with relative integral intensities (2:3:1) both corresponding to six dithiocarbamate (-
S2CN=) sites (Figs. 16b and 17b, respectively). These patterns of resonance lines for 13C and 15N 
are a clear indication of the fact that the title complex has non-centrosymmetric molecular 
arrangements in the unit cell with at least six non-equivalent dithiocarbamate carbon sites. For 
atom-wise assignments of the solid-state 13C and 15N NMR spectra we have used the relative 
chemical shift differences from first principles DFT (GIPAW) calculated values. The GIPAW 
calculated chemical shifts for both 13C and 15N followed a similar trend as for the experimental 
results; however, 15N chemical shifts showed a relatively small dispersion of shifts for different 
Dtc sites. We foresee that high-field solid-state NMR may produce a higher resolution sufficient 
for resolving these issues. 

Bismuth tris(di-n-butyldithiocarbamate)  Polymorphs I and II: A 13C NMR spectrum of a 
polycrystalline sample of the title compound (polymorph I) shows resonance signals of =NCS2-
,=NCH2-, -CH2-, --CH2-CH3 and –CH3 of di-n-dibutyldithiocarbamate ligands (Fig. 16c). 
Deconvolution of the most informative region of =NCS2- groups resulted in five 13C resonance 
signals with integrated intensity ratios 2:2:2:4:2 indicating the presence of at least twelve 
structurally non-equivalent n-butyldithiocarbamate sites. Eight resonance signals with the 
integrated intensity ratio of 2:1:2:3:1:1:1:1 observed in 15N NMR spectrum (Fig. 13c), 
additionally confirm the presence of twelve nonequivalent DTC sites. In contrast, a 13C 
spectrum for polymorph II of the same compound shows only two resonance signals for 
=NCS2- groups with integrated intensity ratio 1:2 indicating the presence of only three non-
equivalent di-n-butylditiocarbamate sites in the titled compound (Fig. 16d). 
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(a) 

(b) 

(c) 
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Figure 16. 13C CP-MAS NMR spectra of yttrium diethyldithiocarbamato-phenanthroline (a), 
lanthanum diethyldithiocarbamato-phenanthroline (b), bismuth di-n-butyldithiocarbamate, 

polymorph I (c), and bismuth di-n-butyldithiocarbamate, polymorph II (d). (Y-axis for DTC 
13C sites is not to scale) 

                                     

 

Figure 17. 15N CP-MAS NMR spectra of yttrium diethyldithiocarbamato-phenanthroline (a), 

lanthanum diethyldithiocarbamato-phenanthroline (b), and bismuth di-n-butyldithiocarbamate 
polymorph I (c). 

 

(d) 

(a) (b) 

(c) 
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5.4 DFT Structure Optimisation and Chemical Shift Calculations 

Yttrium diethyldithiocarbamato-phenanthroline: In order to have an atom-wise assignment of all 13C 
and 15N resonance lines, the NMR chemical shifts were calculated using DFT methods and the 
results are compared with experimental chemical shift values (see Fig. 18). The calculations 
correctly reproduce the trends seen experimentally, in terms of both shift ordering and shift 
differences with few minor exceptions. The theoretical chemical shift values for the proton 
optimized structure, together with the experimental results are given in Table 2.  

Table 2. The experimental 13C and 15N chemical shifts of the yttrium DTC complex are 
compared with the GIPAW calculated values. (Expt. = experimental) 

Site  Atom 
Label 

Expt. GIPAW 

-S2CN= C23,C13 205.5 202.8,201.7 
C18 204.0 201.1 

Phen C12 153.4 157.1 
C1 149.6 149.5 
C9,C5 144.9 149.5,147.1 
C10 140.6 140.9 
C3 138.5 139.3 
C7 
C8,C4 

130.7 133.2 
130,129.0 

C6 129.1 129.0 
C2 126.8 126.9 
C11 123.3 123.2 

-CH2- C26,C21 
C19,C24 
C16,C14 

46.5 48.1,47.6 
46.5,46.0 
45.9,44.3 

average  46.4 
-CH3 C22 15.1 13.8 

C25,C15 14.0 13.2,11.8 
C20,C27 
C17 

11.8 9.6,8.5,7.0 

Phen N2 281.2 282.1 
N1 278.9 278.0 

-S2CN= N4 176.5 176.7 
N5,N3 169.6 170.6,168.4 
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Figure 18. Correlation between CASTEP calculated and experimental isotropic 13C chemical 
shifts for proton optimized yttrium Dtc structure. 

Lanthanum diethyldithiocarbamato-phenanthroline complex: Calculated NMR chemical shifts for 
structures obtained at different geometry optimization levels are given in Table 3 along with the 
experimental results. To our surprise we found unreasonably large difference in chemical shifts 
for 13C and 15N nuclei in the disordered ligand when the X-ray structures are just optimized for 
protons (1A and 1B). For example, there is 23 ppm difference between the chemical shifts of 
C31A and C31B; 64 ppm difference between N31A and N31B chemical shifts. On the other 
hand, the NMR shift calculation of partially optimised structures (2A and 2B) shows a 
difference of 7.8 ppm and 6.4 ppm, respectively for C31A-C31B and N31A-N31B nuclei. It 
can also be seen from Table 3 that the results for 2A agree with the experimental results closer 
than for any other structure. There is clearly a good agreement between the experimental and 
calculated chemical shifts (2A) as seen from their linear regression plots (Fig. 19). 
Computations have been carried out for the A and B conformers separately. The 13C and 15N 
shifts for the other mononuclear molecule (La2) were practically unchanged for both A and B 
conformer. 

Bismuth di-n-dibutyldithiocarbamate complex: Calculated NMR chemical shifts for proton 
optimized structure (GIPAW) is given in Table 4 along with the experimental results. There is 
clearly a good agreement between the experimental and theoretical data as seen by the linear 
regression plots for the experimental vs. calculated (GIPAW) chemical shifts for 13C [Fig 20 (a)] 
and 15N [Fig 20 (b)]. The calculated chemical shifts are within the experimental limits at the 
level of theory used for this computation. 
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Table 3. The experimental 13C and 15N chemical shifts are compared with the GIPAW 
calculated NMR chemical shifts for structures obtained at different geometry optimisation 
levels. (Expt. = experimental, a an average value of the chemical shift is reported) 

Label Expt. 1A 1B 2A 2B 3A/3B 
C31 207.81 (1) 211.1 (1) 234.1 (1) 208.0 (1) 215.8 (1) 208.5 (1) 
C11 C21 206.85 (2) 205.2 (1) 205.3 (1) 205.2 (1) 205.4 (1) 206.5 (2) 
C12 204.85 (1) 203.3 (1) 203.7 (1) 203.4 (1) 203.5 (1) 204.5 (1) 
C22 203.48 (1) 202.1 (1) 202.0 (1) 202.1 (1) 202.2 (1) 203.8 (1) 
C32 201.99 (1) 198.2 (2) 198.5 (2) 198.4 (2) 198.5 (2) 201.1 (1) 

A
ro

m
at

ic
 

152.24 (1) 155.6 (1) 155.2 (1) 155.4 (1) 155.3 (1) 154.7 (1) 
151.43 (1) 153.1 (1) 153.5 (1) 153.4 (1) 153.5 (1) 153.9 (2) 
150.25 (2) 151.8 (2) 151.9 (2) 151.9 (2) 151.8 (2) 152.2 (1) 
145.56 (3) 148.2 (3) 148.5 (3) 148.6 (3) 148.4 (3) 148.5 (3) 
143.72 (2) 146.2 (1) 146.2 (1) 146.2 (1) 146.2 (1) 144.3 (2) 
139.85 (2) 141.0 (2) 142.0 (2) 141.4 (2) 142.2 (2) 142.3 (2) 
138.14 (1) 138.3 (1) 138.2 (1) 138.2 (1) 138.3 (1) 139.1 (1) 
136.28 (1) 138.0 (1) 138.1 (1) 138.0 (1) 138.2 (1) 135.3 (1) 
129.88 (2) 131.4 (2) 131.4 (2) 131.4 (2) 131.6 (2) 131.9 (2) 
129.46 (2) 130.2 (2) 131.0 (2) 130.9 (2) 130.8 (2) 131.5 (2) 
128.00 (2) 129.3 (2) 129.5 (2) 129.5 (2) 129.6 (2) 130.6 (2) 
127.15 (2) 128.5 (2) 128.8 (2) 128.7 (2) 129.0 (2) 129.4 (2) 
126.58 (1) 127.6 (1) 127.5 (1) 127.5 (1) 127.5 (1) 128.0 (1) 
125.20 (1) 125.3 (2) 125.0 (2) 125.1 (2) 125.1 (2) 127.6 (1) 
122.30 (1) 124.3 (1) 123.7 (1) 124.1 (1) 123.8 (1) 124.2 (1) 

-CH2
a 48.3 

(broad) 
50.1 51.6 48.2 49.5 47.7 

-CH3 13.4 11.0 10.3 10.3 10.1 11.0 
N12 N22 179.4 (2) 174.1 (1) 174.2 (1) 174.2 (1) 174.2 (1) 178.0 (2) 
N11 N21 
N23 

176.4 (3) 170.6 (2) 170.0 (2) 170.4 (2) 170.0 (2) 174.6 (3) 

N31 172.3 (1) 113.4 (3) 177.4 (3) 166. 1(3) 164.0 (3) 172.4 (1) 
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Figure 19. Correlation between CASTEP calculated and experimental isotropic 13C chemical 
shifts for proton optimized lanthanum Dtc structure 

Table 4. The GIPAW calculated NMR chemical shifts for the proton optimized structures are 
compared with the experimental chemical shift values. 

Sites Atom 
Label 

δiso,calc δiso,expt 

-S2C-N C1, C82 205.5 205.8 
C100, C73 204.6 205.0 
C46, C19 203.7 201.9 
C28, C37 
C64, C55 

201.6 200.9 

C91, C10 198,3 199.9 
-N-CH2- Average 56.4 53.9 
-CH2-CH2- Average 28.6 29.9 
-CH2-CH3 Average 20.4 20.9 
-CH3 Average 12.7 14.7 
-S2C-N- N9, N12 146.4 146.1 

N10 142.7 144.5 
N1, N2 142.3 142.8 
N3, N4 140.3 139.9 
N11 138.8 138.7 
N5 137.2 137.7
N6 135.8 134.7 
N8 133.8 132.7 
N7 126.8 129.0 
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Fig. 20 Linear regression plots of computed and experimental chemical shifts for complex I. (a) 
In the case of 13C the shieldings were converted to chemical shifts using a reference value of 
170.9 ppm; (b) in the case of 15N a reference value of 214.15 ppm was used (obtained from 
constrained linear regression, slope = 1) to convert the shieldings to chemical shift. 

(a) 

(b) 
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Chapter 6  

Conclusions 

In this study we have undertaken a multidisciplinary approach to characterise the molecular 
and electronic properties of three distinctive metal complexes.  In paper I we studied by X-ray 
powder diffraction, 1H/13C/15N NMR solution NMR, 13C/15N solid-state CP-MAS NMR, 
single-crystal X-ray diffraction, and first principles DFT calculations, the characteristics features 
of the molecular structure and bonding of yttrium diethyldithiocarbamato-phenanthroline 
complex. We found a very good agreement between the calculated and the experimental 
chemical shifts and chemical shift anisotropy parameters. With the help of periodic DFT 
calculations, we have done atom-wise assignments for all NMR resonances in the solid-state 
NMR spectra. We have quantified the relativistic ‘HALA’ effect on the chemical shifts of 
dithiocarbamate carbons and aromatic nitrogen atoms. In that we found that the effects are 
negligible for 15N (< 1 ppm) while about 5.0 ppm variations were observed for dithiocarbamate 
13C nuclei.  This calculation was done by employing spin-orbit zeroth-order regular 
approximation (SO-ZORA) approach.  

In paper II we have used almost the same methods as for paper I to characterise the lanthanum 
diethyldithiocarbamato-phenanthroline complex. Both X-ray powder patterns and solid-state 
NMR results are more complex for the lanthanum complex, which clearly distinguishes it from 
the results for the yttrium complex. The single-crystal X-ray structure showed that there is a 
structural disorder about one of the dithiocarbamate ligand i.e. there are two possible 
orientations for that particular ligand (A and B). We found some unusual NMR shift values for 
proton relaxed structures for the configurations A and B, both deviating much from the 
experimental shifts. However, by locally relaxing those selected atoms on the disordered ligand 
and also relaxing positions of all atoms using periodic DFT methods, we found a better 
correlation between the experimental and theoretical results.  

In paper III we report on a new polymorph (I) of bismuth di-n-butyldithiocarbamate complex 
which was characterized by solid-state 13C-/15N NMR, DFT based NMR chemical shift 
calculations and single-crystal X-ray diffraction crystallography. We also report solid-state 13C 
NMR data for previously reported (Sun et al. 2012) polymorph (II) of the same compound 
which was prepared using slightly different crystallisation procedure. The single-crystal XRD 
structure of polymorph I correlate well with twelve crystallographically independent 
dithiocarbamate sites as predicted by solid-state 13C and 15N NMR. On the other hand, 
polymorph II has only three distinctive dithiocarbamate sites in accordance with the structure 
reported by Sun et al. 
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Chapter 7 

Future Plans 

Solid-state 89Y and 139La NMR measurements of Y and La dithiocarbamate complexes will be 
undertaken using high-magnetic field NMR instruments. 

Further investigations of solid-state 15N NMR measurements for Bi-n-butyldithiocarbamate 
complex (polymorph II); solid-state 13C/15N NMR and single-crystal XRD measurements for a 
new polymorph of the complex that has been obtained recently from chloroform solution will 
be performed and complimenting the results with DFT based calculations. 

Structural characterisation of dithiocarbamate complexes of different dithiocarbamate ligands 
of different alkyl groups will be performed.  

Alkyl hydroxamic acid derivatives are known for their application as flotation collectors.  New 
class of rare earth complexes with hydroxamic acid ligands that have already been prepared will 
be taken for structural characterisation by NMR, XRD, and computational studies.  

Solid-state NMR coupled with hyperpolarisation techniques for surface analysis of pure rare 
earth mineral phosphates will be undertaken. Hyperpolarization technique will also be applied 
for adsorption studies of dithiocarbamate, hydroxamate and ionic liquid on REE mineral 
surface. 

We continue our research in searching for new efficient ligands and novel functionalized ionic 
liquids which can be ultimately used as a green solvent (high boiling point and non-
halogenated) for rare earth metal extraction. We will further study how these ligands can be 
incorporated as anionic partner of an ionic liquid and to see how the ligand or the ionic liquid 
will interact with the mineral surface and leach REE. The outcome of this thesis work is a first 
step towards achieving our larger goal of development of novel “greener” technologies for 
extraction, concentration and separation of REE. 
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