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Abstract 

Cd(II) complexes with N-acetylcysteine (H2NAC), selenourea (SeU), and thiourea 

(TU) in solution were investigated using 113Cd  NMR and XAS spectroscopic techniques.  

From the Cd K-edge EXAFS spectrum of a Cd(II)-SeU methanol solution at 200 

K containing CCd(II)=0.1 M and CSeU0.4 M, the local structure of a Cd(SeU)4 tetrahedral 

species with Cd-Se bond distance of 2.64 0.02 Å  was determined. 113Cd  NMR 

measurement of this solution shows a single sharp peak at 578 ppm, which is in 

agreement with the reported 4CdSe  speciation. For Cd(II)-SeU solutions with a lower 

concentration of selenourea, a mixture of species was observed. 

113Cd  NMR spectra of Cd(II)-TU solutions revealed a mixture of species at low 

TU/Cd(II) mole ratios. The structures of these complexes were determined using Cd K-

edge EXAFS spectroscopy, LIII-edge XANES, and 113Cd  NMR. 

Cd(II)-N-acetylcysteine solutions with CCd(II) = 0.1 M and NAC/Cd(II) mole 

ratios of 2.0–20.0 at pH = 7.5 and 11.0 have been investigated. They show a mixture of 

CdS3O3, CdS3O, and CdS4 species at low NAC concentration and 4CdS  species at high 

NAC concentration. 
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Preface 

Since the industrial revolution, human exposure to heavy metals such as cadmium has 

drastically increased and hence the interference of these heavy metals with different 

biological processes becomes a global concern. Many studies have been conducted to 

investigate the complex formation of these toxic metals with different ligands, especially 

those of biological importance. The focus of this thesis is the characterization of 

cadmium complex formation, as one of the above mentioned heavy metals, with 

selenourea, thiourea and N-acetylcysteine.  

In the first chapter, the structure and coordination chemistry of cadmium, selenourea, 

thiourea and N-acetylcysteine are surveyed. The experimental techniques that were used 

for the purpose of this study are also addressed. 

In the second chapter, the chemistry and complex formation of cadmium with thiourea 

and selenourea using different spectroscopic methods such as X-ray absorption 

spectroscopy (i.e. EXAFS and XANES), and multinuclear NMR spectroscopy are 

described. 

In the third chapter, cadmium complex formation with the thiol-containing N-

acetylcysteine in solution was studied using a multi-spectroscopic approach including 

113Cd NMR, EXAFS and XANES.  
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1 

 

Chapter One: Introduction 

1.1 Cadmium Coordination Chemistry 

The group 12 elements are of special interest: while zinc is an essential trace 

element for living organisms, mercury and cadmium are extremely toxic elements. These 

heavy metals can contaminate the food chain and water such that every living organism is 

exposed to them through their dietary habits or drinking water. Tobacco smoke has high 

cadmium content. Cadmium, calcium and zinc have some similarities: they all form 

stable 2+ ions; the ionic radii of Zn (II), Cd(II) and Ca (II) are 0.74 Å, 0.97 Å, and 0.99 Å 

respectively.
1
 The other interesting part in studying the group 12 elements is that these +2 

cations have a d
10

 closed valence shell with no crystal field stabilization energy, so their 

structural preference depends entirely on their environment, the complexing ability of the 

ligand, and the type of donor atoms. This is the reason for their ability to form complexes 

with different metal coordination numbers, such as 4-coordinated (planar
2
 and 

tetrahedral
3
), 5-coordinated,

4
 or 6-coordinated.

5
 Similarities among group 12 elements 

can cause problems when cadmium interferes in the zinc or calcium functionalities.
6
 

Cadmium is considered as one of the enzyme poisons since it has a high affinity for 

reacting with sulfhydryl groups; it can replace zinc in enzymes and block their activities. 

Most cadmium complexes are highly soluble in water, which is one of the reasons that 



2 

 

cadmium is an environmental concern. Cadmium (II) forms stable complexes with O, N, 

and S donor ligands. It can also form polymeric structures, with these ligands forming 

bridging bonds. Cadmium usage in batteries, metallic alloys, dyes and pigments, silver 

and pot polishes, shoe whiteners, and as plastic stabilizer, raises many health issues such 

as Itai-itai disease (combination of bone and renal damages), proteinuria and glucosuria.
7
 

In fact Itai-itai disease in Japan was one of the first diseases that were directly attributed 

to cadmium poisoning and brought worldwide attention to the toxicity of cadmium. 

Because of its high carcinogenicity and toxicity, the industrial usage of cadmium is 

mainly limited to nickel-cadmium batteries. Cadmium can also be found as an impurity in 

zinc (0.2-0.4 %). Cadmium at low concentrations can be captured by some cysteine-rich 

proteins such as metallothioneins.
8
 Some thiol-containing ligands such as glutathione

9
 

and N-acetylcysteine
10,11

 are considered as deactivating agents for cadmium toxicity.  

1.1.1 The Chemistry of the Hydrated Cd(II) Ion 

Cadmium (II) is a highly labile ion with a d
10

 closed shell and because of its d
10

 

electronic configuration, cadmium has no preference in coordination number and can 

form 4-coordinate, 5-coordinate, 6-coordinate or 7-coordinate complexes (distorted 

pentagonal bipyramidal structures such as Cd(BrO3)2.2H2O
12

 and 

http://en.wikipedia.org/wiki/Itai-itai
http://en.wikipedia.org/wiki/Proteinuria
http://en.wikipedia.org/wiki/Glucosuria
http://en.wikipedia.org/wiki/Itai-itai
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Cd(O3SCH2SO3).3H2O).
13

 Because of its electronic configuration, cadmium (II) is 

diamagnetic, making NMR studies possible. 

 

Figure 1-1 Speciation diagrams for Cd(II) in aqueous solution over the pH 1-12 range, at 
2[Cd ]  = 100 mM.

14
 Solid Cd(II) hydroxide forms above pH = 7.0. (cr = crystal) 

 

1.2 N-Acetylcysteine 

Different pharmaceutical and biological uses have been found for N-

acetylcysteine and the number of N-acetylcysteine applications in biological systems is 

growing every year.
15,16

. 

1.2.1.1 N-Acetylcysteine as a Pharmaceutical Drug 

Recently, several thiol-containing compounds have been used as drugs for 

different purposes, such as the removal of heavy metals (i.e., cadmium and mercury) 
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from physiological systems. N-acetylcysteine is one of these compounds. In the case of 

removing heavy metals, N-acetylcysteine chelates heavy metals through its sulfur and/or 

oxygen coordination sites. These kinds of coordination can involve two or more N-

acetylcysteine groups resulting in a safe, nonreactive, transportable complex that can be 

easily removed from biological systems. 

Cysteine itself is another important biomolecule. A comparison of cysteine and N-

acetylcysteine shows some resemblance between these two ligands but they remain 

different in many respects. The difference between the size of -NH2 (-NH3 
+
) versus -N-

COCH3 and also the ability to form hydrogen bonds NH2 (-NH3 
+
) versus -N-COCH3 are 

some of the reasons for the differences between cysteine and N-acetylcysteine. The acetyl 

group attached to nitrogen in N-acetylcysteine facilitates the absorption of N-

acetylcysteine, allowing it to be much more readily absorbed than cysteine, following 

ingestion.
17

 It has been reported that N-acetylcysteine has the ability to coordinate heavy 

metal ions such as cadmium and lead, extracting them from biological systems.
18

 

Since 1810, many thiol groups were discovered in both protein and non-protein 

structures. Following these discoveries, many studies have been conducted to 

characterize and identify different thiol-containing structures and their mechanism in 
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living organisms. Figure 1-2 shows some of the examples of biologically important 

sulfur-containing compounds. 
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Figure 1-2 Structure of cysteine (1), homocysteine (2), methionine (3), reduced lipoic 

acid (4), glutathione (5), N-acetylcysteine (6), and cystine (7). 

In most cases of metal poisoning, chelating agents are used in the treatment 

procedure. These agents should be able to form stable, water soluble and non-toxic 

compounds with the heavy metal that can be excreted from the body.
19

 In 1963 N-

acetylcysteine (NAC, Figure 1-2(6)) was introduced as a mucolytic agent by Sheffner
20 

and it has been used ever since.
 
N-acetylcysteine can bind to disulfides in mucoprotein, 

breaking S-S bond and therefore break the mucoproteins into smaller units that are less 

viscous.
21

 Currently N-acetylcysteine is used as an antidote for acetaminophen 

overdose.
22,23
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1.2.2 N-Acetylcysteine’s Biological Roles 

N-acetylcysteine is also considered as one of the precursors in glutathione 

biosynthesis
24,25

 that is a well-known antioxidant,
26

 main defence agent
27

 and a radical 

scavenger,
28

 which prevents oxidative damage in oxidative stress. N-acetylcysteine can 

protect DNA from damage that can be caused by reactive oxygen species.
29

 N-

acetylcysteine S-conjugate (mercapturic acid) is also the product of the mercapturic acid 

pathway
30

 that is the major pathway for degradation of the glutathione adducts. In Figure 

1-3 a possible pathway of glutathione production is illustrated. According to some 

studies,
31

 the presence of N-acetylcysteine can increase the glutathione content. 

 

Figure 1-3 Possible mercapturic acid pathway.
32

 

1.2.3 N-Acetylcysteine Solution Chemistry 

N-Acetylcysteine has two functional groups (i.e. thiol and carboxylate). The 

protonation state of the two functional groups of N-acetylcysteine in aqueous solution 
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depends on the pH of the solution. Figure 1-4 shows the equilibrium between N-

acetylcysteine and its ionic forms. 
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Figure 1-4 Protonation of N-acetyl cysteine functional groups.
21
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(I=0.2M KNO3, 25C)
21

 

Potentiometric techniques are used in the characterization of different complex 

formation processes in aqueous solution. By providing the stability constants of different 

possible complexes using computer based programs such as MEDUSA,
14

 these studies 

can predict the possible speciation in aqueous solution. The distribution of different N-

acetylcysteine species is shown in Figure 1-5, where fractions of N-acetylcysteine are 
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illustrated as a function of pH. Below pH 2, N-acetylcysteine exists as the completely 

protonated form (NACH2) (Figure 1-5). Above pH 2, the carboxylic acid begins to 

deprotonate forming carboxylate (NACH
-
) and at pH  9, it becomes completely 

deprotonated, forming thiolate (NAC
2-

) (Figure 1-5). The thiolate site basicity is much 

higher than that of the carboxylate one, which is the reason for having distinct 

protonation steps at these two pH values (Figure 1-5).
14

 

 

Figure 1-5 Fraction diagram of N-acetyl cysteine as a function of pH in 0.1 M N-acetyl 

cysteine, based on the reported formation constants.
14
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1.2.4 N-Acetylcysteine Coordination Chemistry 

The -SH group in N-acetylcysteine is considered to be a more active functional 

group than the -COOH group to coordinate the late transition metals. Its soft nature 

according to the hard and soft (Lewis) acids and bases (HSAB) rule makes it a perfect 

chelator for soft heavy metals such as mercury, cadmium and lead. N-Acetylcysteine also 

can coordinate through the oxygens of the carboxylate group.
33

 According to the existing 

structures of N-acetylcysteine metal complexes in the crystallography database, there is 

no evidence of nitrogen coordination in N-acetylcysteine.
33

 A survey of metal- N-

acetylcysteine complexes with known crystal structures shows that Re(III),
34

 Os(VI)
35

 are 

coordinated through both oxygen and sulfur, while Pt(II),
36

 Co(III),
37

 and Ru(II)
38

 

coordinate through sulfur (Figure 1-6). 
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Pt Pt
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HN COMe

(II) (II)

 

Figure 1-6 Selected structures of N-acetylcysteine metal complexes with different 

coordination modes for N-acetylcysteine. 
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1.3 Selenourea and Thiourea Chemistry 

Selenourea and thiourea are both among the simplest known diamide structures 

and they both are of interest especially in the field of inorganic chemistry due to their in 

complex formation with various metals, especially transition metals 

1.3.1 Selenourea and Thiourea Cd(II) Coordination Chemistry 

Several studies have been done on the effect of selenium coordination to mercury 

and cadmium. Since selenium is a soft Lewis base,
39

 selenium-containing ligands are 

good candidates for the interaction with soft 10d  metal ions such as 2Zn  , 2Cd  , and 

2Hg  . It has been shown that selenium can protect the body from mercury by preventing 

mercury’s attachment to the thiol groups of proteins.
40,41 

Selenium is considered to be a 

softer Lewis base than sulfur; therefore, it forms stronger bonds with class b metal ions 

than sulfur. 

The cadmium complexes of thiourea and selenourea recently received a great deal 

of attention due to their ability to produce semiconducting materials
42

 based on their 

decomposition.
43

 Cadmium selenourea and thiourea complexes are possible precursors of 

semiconductor nanocrystals such as CdSe and CdS.
44

 These complexes also have 

biological properties as antioxidant
45

 and superoxide radical scavengers. There are some 

examples of substituted selenourea and thioureas which can be effective superoxidase 

scavengers as a consequence of their susceptibilities to oxidation.
46,47
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Selenourea is one of the selenium-containing ligands that have been studied since the 

1970s. Although selenourea complexes with metals have been known for some time, to 

the best of our knowledge there are only a few examples of known crystal structures 

comparing selenourea complexes to the analogous urea and thiourea complexes. The 

number of studies of selenourea complexes is small due to the difficulties with the 

synthesis, stability and lifetime of the complexes. Metal complexes of selenourea, in the 

solid state, with silver(I),
48,49

 gold(I),
50

 mercury,(II)
43

 cadmium,(II)
43

 zinc,(II)
43

 

copper(II),
51

 cobalt(II),
52

 and nickel(II)
52

 have been reported. Selenourea metal 

complexes with known crystal structures are limited to 6 structures including one Ag(I), 

three Au(I), one Pt(II), and one methylmercury Hg(II).
33

 Selenourea has two possible 

coordination sites (Se and N of the 2NH  group). So far all the crystal structures reported 

for metal selenourea complexes show that the coordination is through selenium, and that 

the 2NH  group is not involved in the coordination. 
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Figure 1-7 Crystal structures of selenourea metal complexes.
33

 

Thiourea has many applications in medicine (sulfathiazoles, thiouracils, 

tetramisole, and cephalosporins),
53

 industry such as textile processing, resin production, 

silver polishing,
54

 and analytical chemistry.
55

 The final product of thermal decomposition 

of cadmium-thiourea complexes is CdS, which has been used in semiconductor films.
56

 

Thiourea complexes can form with a variety of coordination numbers with cadmium 

including 4-coordinated tetrahedral and 6-coordinated octahedral species (Table 1-1).
57

 

Considering thiourea’s planar structure and its symmetry, many studies were dedicated to 

define metal thiourea crystal structures.
58
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Table 1-1 Some of metal ion complexes with thiourea.
33

 

Metal 

Ion 

Coordination 

Number/Site
 Structure

 
Reference

 

2Cd   6S Cd

S

S

S

SS

S

NH2H2N

NH2

H2N

NH2

H2N

NH2

H2N

NH2

NH2

NH2

NH2

2+

 

59 

2Cd   4S Cd

S

S

SS

NH2

H2N

NH2

H2N

NH2

NH2

NH2

NH2
2+

 

60,61
 

2Cd   2S/4O Cd

O

O

SS

O

NH2

H2N

NH2

NH2
2+

COOH

OCOOH

H2O

OH2

 

62
 

 

1.3.2 Role of Selenium in Biological System and as Drug 

The discovery of selenium by Jöns Jacob Berzelius was in 1817; however, it is 

only recently that a growth in selenium studies has occurred. A few decades ago selenium 



14 

 

was considered to be a toxic element. In 1954 selenium was discovered to be a part of 

living microorganisms. In the 1970s, several studies
63,64

 led to the discovery of selenium-

containing natural ligands such as selenocysteine, and selenomethionine (Figure 1-8). 

Selenium in large amounts is toxic, but selenium deficiency may also cause various 

problems such as Keshan disease,
65

 thyroid disorders, psoriasis, cancer and human 

immunodeficiency virus infection / acquired immunodeficiency syndrome (HIV/AIDS).
 

66,67,68,69
 Moreover, selenium deficiency can change the balance of other elements and 

cause an overload of iron in the body.
70

 Selenium is found in some anti-oxidants, and 

anti-aging products.
71

 Ebselen is one of the selenium-containing drugs with antioxidant 

properties.
72,73 

 
Se-(methyl)-selenocysteine 

 
Selenomethionine 

 
Seleno-DL-cystine 

 
Selenourea 

Figure 1-8 Se-containing ligands. 

We now know that selenium is an essential trace element for our body and it is 

involved in some important protective processes such as in the active center of the 
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enzymes glutathione peroxidase and thioredoxin reductase. Currently about 35 

selenoproteins have been discovered in mammals including humans.
74

  

Selenocysteine was discovered in the 1980s in Escherichia coli
75

 and later was 

introduced as the 21
st
 aminoacid;

76
 it is considered the most dominant selenium 

containing species in mammals.
4
 Glutathione peroxidase, which is an enzyme that has 

antioxidative properties, and protects organs from such damage, is active in the presence 

of selenocysteine.
77

 Also, several studies have been done on the ability of selenocysteine 

as a cancer-preventing agent.  

Organoselenium compounds are similar to their sulfur analogues. However, 

selenium compounds are less stable because the carbon-selenium bond (243 lkJmol ) is 

weaker than the carbon–sulfur bond (272 lkJmol ),
78

 making Se-compounds more 

difficult to work with. These compounds often decompose upon exposure to UV light,
79

 

heat and oxygen to give metallic selenium. 

http://en.wikipedia.org/wiki/Glutathione_peroxidase
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1.4 Spectroscopic Methods 

In order to investigate the Cd(II) complex formation with selenourea, thiourea, 

and N-acetylcysteine, a combination of the following spectroscopic methods was used:  

1.4.1 X-ray Absorption Spectroscopy (XAS) 

1.4.1.1 Synchrotron Radiation Sources 

In the 1950s, the first attempt to study the collision of subatomic particles was 

undertaken by creating the first particle accelerator in Bevatron (USA).
80

 This led to a 

Nobel Prize in Physics for Emilio Segrè and Owen Chamberlain in 1959. Later bright 

radiation that was called synchrotron radiation was observed as a side product of the 

accelerator. Synchrotron radiation is the electromagnetic radiation that is emitted from 

charged particles that are travelling in a circular path. This radiation is a very bright and 

continuous beam that covers a wide range of the electromagnetic spectrum from infrared 

to hard X-ray. Since this discovery, many attempts have been made to improve the 

performance of synchrotron facilities in order to get more brilliant radiation, which has 

resulted in different generations of synchrotron radiation sources. The first generation of 

storage rings such as SURF II and CESR in the USA were mainly used for high-energy 
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physics research and a bending magnet was used to force the electrons to travel in a 

curved path.  

The second generation (e.g., NSLS I and NSLS II in the USA) of storage rings 

were designed specifically as light sources and used MeV energy. The introduction of 

insertion devices (wiggler and undulator) resulted in the development of third generation 

storage rings (CLS in Canada, ALS in the USA), which work in the 3 GeV range.  

 

Figure 1-9 Schematics of a typical synchrotron facility with its main components.
81

 

A storage ring is the synchrotron radiation source. Each storage ring has different 

components (Figure 1-9) that facilitate the circulation of electron (or positron) current at 
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the speed of light on a closed circle where the synchrotron radiation can be emitted 

tangentially to the curved section into channels (also known as beam lines). The storage 

ring is filled with electron (or positron) current that is produced by an electron gun. 

Before reaching the accelerator in the resonant cell, a radio frequency power source 

forces the electron current to travel as a bunch of electrons, which then is accelerated by a 

linear accelerator (also known as Linac) and/or cyclic accelerator (called booster) in an 

extremely high vacuum. These electrons gained energy by traveling at the speed of light, 

by the time that these electrons with high speed slow down when they bent, the radiation 

released which leaves the ring, and reaches the beam lines and experimental stations.
82

 

Each storage ring consists of curved and straight sections and contains two 

different types of magnet, namely: 1) a bending magnet (Figure 1-10) which is located in 

the curved part and forces electrons to travel in a curved trajectory, and 2) insertion 

devices, which are located in the straight parts of the storage ring. There are two different 

types of insertion devices, which are called undulators and wigglers. The insertion 

devices (Figure 1-10) are specially designed magnets that cause electrons to undulate, or 

wiggle, in order to produce an intense X-ray beam. The produced X-ray beam is 1110  

times brighter than the X-ray beams produced by conventional methods, such as X-ray 

tubes. 
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Figure 1-10 Bending magnet and insertion device.
83,84

 

There are also two other components to each storage ring 1) radio frequency (RF) 

cavities, which accelerate electrons in an electromagnetic field that has a radio frequency 

oscillation to replenish the energy loss due to its circulation, and 2) a vacuum pump that 

maintains the vacuum inside the ring. 

1.4.1.2 Optic Hutch and Experimental Hutch 

As the beam moves tangentially to the curved section, it slows down, generating 

radiation that reaches the beam lines. Each beam line (Figure 1-11) contains two main 

components: 1) optic hutch, and 2) experimental hutch, which is also called the end 
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station. Different optical devices such as mirrors, slits to focus, and monochromator 

crystals are placed in the optic hutch. Optical mirrors and slits help to focus the beam, 

and monochromator crystals are used to tune and separate the beam to provide the desired 

energy and experimental conditions.  

 

Figure 1-11 A typical beam line in a synchrotron facility.
85

 

1.4.1.3 Theory and Principles of X-ray Absorption Spectroscopy 

X-ray absorption spectroscopy (XAS) is a modern technique for identifying the 

local structure around an absorbing atom. The X-ray source for measuring an XAS 
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spectrum is synchrotron radiation, which excites the core electrons to higher energy 

levels or to the continuum. Electron excitation from the 1s orbital is called the K-edge, 

and from 2s or 2p orbitals, is called the L-edge (2s orbital IL -edge, 2p orbitals IIL  and 

IIIL -edges).
86

 The XAS technique can be used on different physical states of a sample 

(crystalline or amorphous solid; liquid or gas). Each element has a unique absorption 

edge. An XAS spectrum consists of different parts (Figure 1-12): pre-edge, the near-edge 

and the extended region. The near-edge region is called the X-ray absorption near edge 

structure (XANES) and it is within 10 eV of the absorption edge. It contains 

information about the oxidation state of the absorbing atom and its geometry. The 

Extended X-ray Absorption Fine Structure (EXAFS) region is from 50 to 1000 eV after 

the absorption edge and contains information about the nature and number of nearest 

surrounding atoms (back scatterers) and their average distances from the central 

absorbing atom with accuracy of ± 0.02 Å, coordination number (± 20%), and mean 

variation around the average bond distance. XAS includes both EXAFS and XANES. 
86
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Figure 1-12 An X-ray absorption spectrum, showing the absorption edge, XANES and 

EXAFS regions for Cd K-edge. 

The monochromatic beam with intensity of 0I  hits the sample of thickness x 

(cm); some part of the beam is absorbed or scattered by the sample and results in emitted 

radiation with intensity 1I . Equation (1-4) shows the relationship between 0I and 1I , 

where   is the linear absorption coefficient (cm
-1

). 

0

1

I
x

I
 log  (1-4) 

Both 0I and 1I  are monitored by gas ion chambers (Figure 1-14). Ion chambers can be 

filled with different gases (He, 2N , Ar, and Kr) chosen based on the X-ray energy range 
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that is used. The gas molecules are ionized by the X-ray radiation that passes through the 

ion chamber and this produces an electric signal that is proportional to the intensity of 0I  

or 1I . 

 

Figure 1-13 (A) A schematic experimental set up with ion chambers
87

 in transmission 

mode (used for Cd K-edge measurement) and (B) fluorescence mode (used for Cd LIII-

edge measurement). 

The basis of XAS technique is the excitation of a core electron from the K, L or 

M shell into the continuum which produces a photoelectron. This phenomenon is called 

the photoelectric effect. The produced photoelectron becomes backscattered between 

neighboring atoms which can cause constructive and deconstructive interference. If the 

core hole is filled by an electron from a higher energy shell, relaxation occurs which 

releases fluorescence emission (Figure 1-14). As it was shown in Figure 1-13 (A), for 

calibration of energy a metal foil is placed between I1 and I2 chambers to allow internal 
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calibration of the X-ray energy. The x-ray absorption spectrum can be measured in 

transmission or fluorescence mode, plotting log(I
0
/I) or If/I0 as a function of energy (eV) 

is used for transmission and fluorescence modes respectively. In Cd K-edge 

measurements Ar gas was used in all chambers and for LIII-edge, He gas was used in I0 

and sample chamber. 

 

Figure 1-14 The photoelectric effect (left) and X-ray fluorescence (right). 

 

1.4.1.4 Extended X-ray Absorption Fine Structure (EXAFS)
88

 Spectroscopy 

As the beam with an appropriate energy which is above the binding energy hits 

the absorber atom, a core electron is ejected as a photoelectron. It interacts with 

neighboring atoms and then scatters back to the absorbing atom, resulting in an XAS 

spectrum (Figure 1-15).  
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Figure 1-15 XAS spectrum of Cd K-edge of Cd(II)-selenourea solution. The inset shows 

the k
3
-weighted EXAFS oscillation. 
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Table 1-2 shows the electron binding energies and fluorescence lines for the K and L 

shells of Cd. 

Table 1-2 Electron binding and X-ray fluorescence energies for Cd. 

Binding energy (eV) 

K (1s) 1L (2s)  2 1/2L (2p )  3 3/2L (2p )  

26711 4018 3727 3538 

Fluorescence energy (eV) 

1K  2K  1L  2L  

23173.6 22984.1 3133.73 3126.91 

1 3 2 2 1 5 3 2 4 3K = L K; K =L K; L =M L ; L =M L         

 
 

1.4.1.5 EXAFS Equation 

The EXAFS oscillation, ( ) k , can be shown by Equations (1-5) and (1-6).
86

 

i j ij

j

( ) A ( )sin[ ( )]  k k k , where ij j ij(k) sin[2kR (k)]                  (1-5) 

Or in extended form: 

 
2

2 2i 0
feff i i i ij2 i

i i

N .S ( )
( ) ( ) .exp( 2 ).exp 2R ( ) .sin 2 R ( )

.R
Phase

Amplitude

k
k f k k k k k

k
                (1-6) 

where Ni is the number of backscattering atoms at the mean distance (Ri) from absorber 

in the i
th

 shell; 2

i is the Debye-Waller parameter, which is related to the mean-square 
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variation in a Gaussian distribution of distances around (Ri); k  is the photoelectron 

wavevector; eff| ( ) |f k is the effective amplitude function; ij( ) k is the total phase-shift of 

the absorber scatterer pair; ( ) k is the photoelectron mean free path, and 2

0S is the 

amplitude reduction factor.
89

  

The EXAFS equation can be divided into two parts: amplitude and phase, based on the 

effect of each of the above parameters on the EXAFS oscillation. Parameters that affect 

the amplitude of oscillation are: Ni, Ri, 
2

i , k , eff| ( ) |f k , 2

0S , and   k  the photoelectron 

mean free path. Those parameters that affect the phase of oscillation are: Ri, k , and 

ij( ) k . 

1.4.1.6 X-ray Absorption Spectroscopy Data Analysis 

Each X-ray absorption spectrum is averaged using the EXAFSPAK suite of 

programs.
90

 The EXAFS oscillation is extracted using the WinXAS 3.1 program,
91

 using 

a first order polynomial over the pre-edge region to remove any absorption from other 

edges of the absorber or from other elements. This is followed by normalization of the 

edge step in order to remove any effects causing by variation in sample concentration or 

thickness (normalized to 1.0), then conversion of the energy into k-space. Any atomic 

contribution above the edge is removed by subtracting a 7-segment cubic spline.
92
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In order to extract structural information from the EXAFS oscillation, a 

theoretical model theory( )k  should be fitted to the experimental model exp( )k  by curve 

fitting methods. The model ( ) k  function was generated by means of ab initio 

calculations based on a similar model with the same absorber/backscattering atoms 

generating eff| ( ) |f k , ij( ) k , and ( ) k using the FEFF 8.1
93

 program. For most of EXAFS 

calculations, the amplitude reduction factor 2

0S  or coordination number N was fixed, 

allowing R, 2 , and 0E  to float. 2

0S  values can be fixed in the range of 0.8 - 1.0. 

1.4.1.7 Advantages and Limitations of X-ray Absorption Spectroscopy 

Because of its use in the study of very dilute systems, EXAFS spectroscopy has 

become the technique that is used extensively to study metal ions in biological systems; 

however, there are some limitations in EXAFS spectroscopy such as accuracy of 

coordination number, obtaining an average oscillation for all species present in the 

system, atoms with similar atomic numbers such as C, O and N, or S and Cl cannot be 

differentiated, and difficulties in separating contribution of light scattering atoms (N/O) 

from heavier scattering atoms (S) in a molecule.  
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1.4.2 Nuclear Magnetic Resonance (NMR) Spectroscopy 

1.4.2.1 Theory 

Each atomic particle (electron, proton, or neutron) possesses intrinsic angular 

momentum. In nuclei, this property is called nuclear angular momentum ( P ). The 

nucleus can be described as a sphere that rotates about an axis. The nuclear angular 

momentum (P) can be quantized as in Equation (1-7). 

( 1)P I I   (1-7) 

where I is the angular momentum quantum number (also called nuclear spin) and  is  

2
h


 , where h  is Planck’s constant ( 346.6256  10 Js ). Each nucleus can have 

different nuclear angular momentum quantum number (I = 0, 1/2, 1, 3/2, 2, 5/2 ...... 6). 

Based on Equation (1-7) nuclei with I  equal to zero have no magnetic moment and 

therefore will not be observed in NMR spectroscopy. 

Table 1-3 NMR related properties of some of the nuclei.
94

 

Nuclide 
Spin 

I  

Natural 

abundance 

[%] 

Magnetogyric ratio γ 
7 1 1[10 ]radT s   

NMR 

Frequency 

[MHz] 

0( 2.3488 )B T  

Relative 

receptivity* 

1H  1/2 99.985 26.7522 100.00 35.67 10  
12C  0 98.9 - - - 
13C  1/2 1.07 6.7283 25.1450 - 
77Se  1/2 7.58 5.1214 19.071523 3.02 

111Cd  1/2 12.75 -5.7046 21.201877 7.01 
113Cd  1/2 12.26 -5.9609 22.178946 7.69 

*Receptivity relative to 13C  
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Another important factor in NMR spectroscopy is called magnetogyric ratio γ, 

which is a constant specific for each isotope of an element (Table 1-3) and its value is 

related proportionally to both  and μ (the magnetic moment) as in Equation (1-8). In 

NMR experiments, the detection sensitivity of each nuclei depends on γ. 

P   (1-8) 

The larger the γ, the more sensitive the nucleus will be. By combining Equations (1-7) 

and (1-8), (1-9) is obtained, which shows the relationship of all of the above mentioned 

NMR parameters. 

( 1)I I    (1-9) 

 

 

Figure 1-16 The effect of a static magnetic field ( 0B ) on nuclear spins (modified from 

[94]). 

When a nucleus with a nuclear angular momentum P  and magnetic moment   is 

placed in a magnetic field ( 0B ), it will orient according to the magnetic field direction 

(Figure 1-16), which can be in the same or opposite direction of 0B .  

0B
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If the angular momentum component of this orientation along the z-axis is zP , it is 

proportional to . This nuclear orientation in the magnetic field is called directional 

quantization (Equation (1-10)). 

zP m  1-10 

 

where m can have integer or half-integer values: , 1,........,m I I I    

 

Figure 1-17 Precession of nuclear dipoles with I  = 1/2 and spin configurations 

according to applied magnetic field.
95

 

For each nucleus, there are 2 1I   possible orientations and therefore 2 1I   

energy states, as shown in Equation (1-11). 

0E m B   (1-11) 

For a nucleus such as a proton ( 1H ) or a carbon atom ( 13C ) with 1 2I  , there are two 

possible energy states in the magnetic field, namely 1 2m   , which is called the “α 

z, 0B  

m= +1/2 

m= -1/2 

0M  
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state” and 1 2m    that is called the “β state”. The α state is parallel with the 0B  field 

direction ( z ) and therefore has a lower energy. The β state has higher energy (Figure 

1-18). The energy difference between these two states is shown in Equation (1-12): 

0E B   (1-12) 

Figure 1-18 The energy difference between two states ( and  ) for nuclei with I = ½ as 

a function of a magnetic field 0B .
95

 

The distribution of the nuclei between these energy states follows Boltzmann 

distribution statistics. For a nucleus with 1 2I  , the distribution is given in Equation (1-

13) : 

01 1BE k T

B B

N BE
e

N k T k T

 
    






 (1-13) 

where N   is the number of nuclei in the lower energy state, N   is the population of 

nuclei in the higher energy state, Bk  is the Boltzmann constant 23 1(1.3805 10 )JK  , and 

0B  2B  1B  

1 2( )m    

1 2( )m    

1E  

E 

0 2E  
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T is the absolute temperature (in Kelvin). For all nuclei, the difference between energies 

is small and, therefore, the population of these states is almost equal. 

In NMR experiments, the nucleus precesses around the z axis of the field in a 

double cone (Figure 1-17). Since the population in the   state is greater than that in the 

  state, by adding up all the z components of the nuclear moment in the sample, a 

macroscopic magnetization ( 0M ) will be obtained in the same direction as the magnetic 

field. 

In NMR experiments, transitions in both directions between the two α and  states 

happens by absorbing (α→) or releasing (→α) energy in resonance with 

electromagnetic waves with an exact frequency, 1 . The magnetic component of the 

wave will interact with nuclear dipoles with a reversal of the spin orientation. Since there 

is a higher population in lower energy states (α), the absorption of the energy is slightly 

dominant. This absorption is observed as a signal proportional to ( N N  ) and, is 

therefore, related to the concentration in the sample. The transition is forbidden if it does 

not follow the transition rule of 1m   . The condition called “saturation” will occur if 

radiation makes N N  ; in this case, they will cancel each other out and no signal will 

be observed. 
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In order to achieve resonance, the electromagnetic frequency ( 1 ) of the radiation 

should match the so called Larmor frequency ( L ) of a nucleus. The Larmor frequency 

depends on the structure of the sample, the solvent environment and magnetic 

environment (Equations (1-14) and (1-15)). 

1E h   (1-14) 

1 0
2

L B


 


   (1-15) 

In order to produce an NMR signal, there are two possible approaches:  

1) Field Sweep Method, where the magnetic field ( 0B ) varies with a constant 

transmitter frequency ( 1 ); 

2) Frequency Sweep Method, in which the magnetic field ( 0B ) remains constant 

while the transmitter frequency ( 1 ) will change. 

Alternatively Pulsed Fourier Transform (PFT) NMR Spectroscopy can be employed and 

it becomes the basis for all modern NMR experiments. In this method, instead of 

sweeping the field or frequency, all the nuclei of the same species will be excited at the 

same time with a radio frequency range which depends on the type of nuclei being 

measured. A detailed discussion on Pulsed FT-NMR technique is provided in the 

following section. 
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1.4.2.2 Pulsed NMR 

For a short period of time (on the order of s ), a radio frequency generator will 

produce a continuous range of frequencies (called a pulse) around the center frequency 

( 1 ).
96

 Figure 1-19 shows a single NMR pulse. There are several important parameters 

when collecting each NMR pulse, including delay time between the two consecutive 

pulses ( 1D ), pulse duration ( P ), dead time ( ED ), and acquisition time ( AQ ). The delay 

time ( 1D ) allows the magnetic spins to reach equilibrium; this can be measured based on 

the spin lattice relaxation value ( 1T ). The delay time is usually 1D > 5 1T . During the pulse 

duration ( P ), a pulse is applied to the sample to excite the nuclei from the α state to the 

β state. After a dead time ( ED ) that allows for the electronics to stabilize, the free 

induction decay of the magnetization vector is recorded during the acquisition time (AQ) 

(Figure 1-19). 

 

Figure 1-19 A single pulsed NMR experiment ( 1D  = delay time, P  = pulse duration, 

ED  = dead time, AQ  = acquisition time).
94

 

In order to induce an NMR transition, the radiofrequency pulse is applied in the x 

direction and the magnetic vector of this pulse interacts with nuclear dipoles and 

macroscopic magnetization ( 0M ) (Figure 1-17). 

P  

ED  1D  

AQ  
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1.4.2.3 113
Cd NMR Spectroscopy 

Cadmium has two NMR active isotopes (111Cd , and 113Cd ) with 1 2I  . The 

113
Cd isotope has a higher relative receptivity (*Receptivity relative to 13C ) and therefore 

is the preferred isotope for NMR experiments. 
113

Cd is an interesting NMR probe for 

various reasons: Cd
2+

, Ca
2+

, and Zn
2+

 have many similarities in their physical and 

chemical properties. Additionally, Ca
2+

 and Zn
2+

are two of the most important biological 

cations and studying their chemistry is important to answer many questions that scientists 

have regarding their effect in biological systems. In the past few decades, NMR has 

become one of the most important tools in biological studies. The problem with these 

biologically important cations (Ca
2+

 and Zn
2+

) is that these cations are NMR silent 

probes. Although zinc and calcium both have NMR active isotopes 
67

Zn (I = 5/2, 4.11% 

abundance) and 
43

Ca (I = 7/2, 0.145% abundance), their low abundance and the 

quadrupole effect observed for nuclei with I > ½, cause broad, weak signals, which 

makes their NMR measurement difficult and sometimes impossible. Therefore, use of 

cadmium instead of zinc or calcium has helped scientists to understand the structure of 

zinc or calcium-containing complexes, when crystallography was not an option. In the 

113
Cd NMR experiment, using gated decoupling gives a better result.

97
 The 

113
Cd 

chemical shift covers around 900 ppm and is very sensitive to any change in coordination 
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environment and type of donor atom.
98

 It has been reported that Cd(II) octahedral species 

coordinated to oxygen (CdO6) gives a signal in the -100 to +150 ppm region, while 

Cd(II) N-coordinated (CdN6) appears downfield around +200 to 380 ppm and the most 

deshielding donor atom, sulfur from +350 to +800 ppm. Selenium coordination will 

appear in the range between nitrogen and sulfur coordination, i.e. more deshielded than 

nitrogen and less than sulfur.
99

 There is a general trend of increasing chemical shifts with 

decreasing coordination number (for the same type of coordination site). The 
113

Cd 

chemical shift is also sensitive to the type of donor atom:S Se N O   . However there 

are some exceptions within these ranges, e.g., in the comparative solid state 
113

Cd NMR 

study of   22
Cd SeU Cl  and   22

Cd TU Cl , the sulfur analogue is around 30 ppm more 

shielded than the selenium complex.
43

 This observation was explained based on the fact 

that selenium has a better overlap with cadmium in the selenourea complex than sulfur in 

the thiourea complex. The geometry of the complex plays an important role in 
113

Cd 

chemical shifts, i.e., the octahedral complexes appear at lower frequencies than 

tetrahedral complexes.
100

 Studies of the effect of coordination environment on 113Cd  

chemical shifts have been conducted by different groups in the past 30 years. Table 1-4 to 

Table 1-7 summarize the effect of the coordination environment on the 113Cd  chemical 

shifts.  
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Table 1-4 113Cd  Chemical shifts of different coordination environments. 

Coordination 

Environment 
113δ( Cd)(ppm)  Functional group 

6CdS
 

177(s)-238, 

277
101

 
thioxanthate 

4 2(s)CdS N  325
102

 thionate 

3 3CdS O  409
109

 thiol 

 

2 2 2CdS N O  

304 - 280 - 245
103

 

354
104

 

178  

 

thioether 

thioacetate 

thiosemicarbazone 

3 2CdSN O  262
105

 thiolate 

3 2CdSN O  281
106

 thioether 

5CdS  277-325, 377
111

 thionate, thiolate 

4 ( )CdS O tbp  502
109

 thiol 

2 2CdS NO  442
107

 thiolate 

4CdSN  361 thione 

4( )CdS
dT  

687
108

 

673
109

 

586
110

 

 

445, 414
111

 

 

557 

604-670
3,112

 

sulfide 

thiolate 

thioazoline-2-

thione 

thionate 

thioazoline-2-

thione 

thiolate 

4( )CdS sp  258
2
 thiolate 

3CdS N  637–659
113

 thiolate 

32 2(CDCl )CdS N  

2 2(s)CdS N  

475
114,99

 

421-426
101

 
thionate 

2CdS NO  483
115

 thiolate 

3 4(pentagonal bipyrimidal)CdN O  61(s) -4.9 (Sol.)
116

   

2 5(pentagonal bipyrimidal)CdN O  34(s)
100

   

6CdN  

 

36(CDCl )CdN  

380
111

 

272(s), 238
111

 

274
97

, 287(1 M) 

198-221
4
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6(s)CdN  230-238
117

 

Cd 4 2N O  
122, 172(aq.)

118
 

51(s)
5
 

 

4 2(DMF/MeOH)CdN O  66
100

  

2 4CdN O  117, 107, 97
111

  

5(square pyramid)CdN  

35(CDCl )CdN  

432 

418-498 
119

 
 

Cd 4(sp)N  

34(CDCl )CdN  

399
120

 

298-303
100

 
 

8CdO  -100
111

   

7CdO  -31 to -58
111

  

Table 1-5 113Cd  Chemical shifts of different selenium coordination number. 

* values recorded in liq. 2SO  and relative to 4M 3 2Cd(NO )  

Coordination Environment 
113( )( )Cd ppm  Compound 

4CdSe  
597 

587
121

 

 
2

3 4
Cd SePPh



 
 

 

  
2

6 11 3 4
Cd SeP C H



 
 

 

3CdSe  
505 (198 K) 

515 (213 K)
121

 

  
2

6 4 3 3
Cd SeP C H Me



 
 

o  

  
2

6 11 3 3
Cd SeP C H



 
 

 

2CdSe  195
121

* (198 K)   
2

6 4 3 2
Cd SeP C H Me



 
 

o  

4CdSe  (selenol) 541
122

  
2

4
Cd SePh



 
   

Cd 4Se (tetrahedral) 
545

108
 

541-590
122

 

CdSe 
2-

4 .[Cd(SePh) ]Sol  

2 4CdSe N (solid) 472,460
123

    i

3 6 2
2

Cd Se 2,4,6 Pr C H bpy    

3CdSe  250
124

   
3

Cd SeC O Tol 
 

-
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Table 1-6 113Cd  coupling constants. 

J Compound Range (Hz) 
2 113 1( Cd H)J  Alkyl

125,126
 49-90 

3 113 1( Cd H)J  O-alkyl, alkyl
125,126

 6-70 
1 113 15( Cd N)J  TPP

*127,128
, amine

129
 75-150 

1 113 17( Cd O)J  
2

2 6[Cd(OD ) ]  130
 248 

1 113 77( Cd Se)J  
2-

4[Cd(SePh) (SPh) ]m m

122
  46-126 

2 113 113( Cd Cd)J  Metallothionein
131

 30-50 

One of the characteristics of 113  Cd  NMR is its sensitivity towards any change in 

the measurement condition: the 113  Cd  chemical shift can change drastically by changing 

solvent,
97

 temperature or concentration (Table 1-7 and Table 1-8).  

Table 1-7 The effect of solvent on the 113Cd  chemical shift of 1.0 M Cd(CH3)2. 

(adapted from [97]). All chemical shifts were referenced to Cd(CH3)2 where 

3 2 4 2Cd(CH ) (neat) 0.1MCd(ClO ) 642.93    . Positive values mean more shielding here. 

Solvent 113 Cd
 , ppm Solvent 113 Cd

 , ppm 

Cd(CH3)2 0.0 Ethyl acetate 33.25 

THF 66.65 Pyridine 28.26 

Diglyme 65.93 Diethyl ether 5.32 

N,N-DMF 55.18 Benzene -2.03 

Dioxane 50.77 Toluene -2.03 

Acetone 40.94 Methylene chloride -3.13 

acetonitrile 37.38 Cyclopentane -33.08 

Methyl formate 36.29 Cyclohexane -34.67 

                                                 

*
 meso-tetraphenylporphyrin 
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Table 1-8 The effect of concentration on the 113Cd  chemical shift of 4 2Cd(ClO )  in 

water. 

(adapted from [98]). Positive values mean more shielding here. All chemical shifts were 

referenced to 0.1M 4 2Cd(ClO )  in water. 

4 2Cd(ClO )  Concentration (M) 113 Cd
δ (ppm) 

0.1 0.0 

0.5 0.75 

1.0 2.0 

1.5 3.6 

2.0 5.9 

2.5 9.1 

3.0 13.4 

 

1.4.2.4 Advantages and Limitations of NMR Spectroscopy 

NMR is a very effective technique for studying the coordination chemistry and 

geometry around a metal center. The chemical shift values are an important piece of 

information in investigating the metal coordination environment. As mentioned before 

113Cd  NMR is sensitive to the change of solvent (Table 1-7), and temperature. As the 

temperature changes the equilibrium among different species, and also the rate of 

chemical exchange among them, affect the observed chemical shift. Although NMR 

solves many problems in modern chemistry, it has some limitations too. The best type of 

nuclei for NMR studies are those with nuclear spin I = 1/2. For nuclei with I > ½, there is 

always the quadrupole effect and line broadening problem. Additionally nuclei with I = 0 

are not NMR active. The other problem is the concentration issue, especially for isotopes 

with low abundance. 
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Chapter Two: Comparative Study of Cadmium Complex Formation 

with Selenourea and its Analogue Thiourea 

2.1 Introduction 

In recent years many studies were focused on the complex formation of heavy 

metals such as cadmium with different ligands especially those of biological importance. 

Cadmium is considered as one of the environmental pollutants,
132

 at the same time it is 

one of the precursors in semiconductor production. Complex formation between 

cadmium (II) and selenourea or thiourea has attracted a great deal of interest in the field 

of nanoparticle chemistry. Cadmium (II)-selenourea has been used in the past decade as 

the precursor in the making of cadmium selenide (CdSe) quantum dots.
44

 

Considering the similarities and dissimilarities between thiourea and selenourea, their 

complex formation with cadmium (II) is the focus of this part of this thesis. The 

biological importance of selenoureas and thioureas as antioxidants
133

 and radical 

scavengers
47

 also makes them interesting ligands for investigation. 

There are few articles available on selenourea-Cd(II) coordination. In a polarographic 

study, it was shown that selenourea can react more strongly than selenomethionine with 

cadmium (II) ions.
71

 This study shows that there is a solubility limit to cadmium-

selenourea complexes in water. In the presence of 0.01 mM Cd(II) with selenourea 

concentrations higher than 1 mM, a Cd(II)-selenourea complex with limited solubility is 

formed. 

In another study, vibrational spectra of 2 2[Cd(SeU) ]X ,X Cl,Br, I
134

 complexes were 

discussed, showing that low frequency Cd-Se stretching (<200 cm
-1

) appears rather close 

to Cd-X stretching frequencies. The coordination chemistry of cadmium chloride with 
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selenourea and thiourea was studied using multinuclear NMR techniques and labeled 

ligands, which showed the formation of 2 2Cd(SeU) Cl  and 2 2Cd(TU) Cl , respectively.
43

 

The structure of a selenourea analogue with Cd(II), 4 6 2[Cd(dmise) ][PF ]  (dmise = 1,3-

dimethyl-2(3H)-imidazoleselone), showed the existence of a 4CdSe  core with average 

Cd-Se bond distance of 2.623Å .
42

 None of the above mentioned studies provide direct 

information about the coordination geometry of cadmium (II) selenourea complexes. 

Thermal decomposition of Cd(II) thiourea complexes are used as a precursor to 

make CdS semiconductors.
56

 Unlike selenourea, there are many known crystal structures 

of thiourea with different metals, including 4-coordinated and 6-coordinated cadmium 

crystal structures.
33

  

In this chapter, complex formation between cadmium (II) and selenourea (SeU) and 

thiourea (TU) complexes in methanol solution is detailed. The study was carried out 

using a combination of methods: Cd K-edge XAS, 113Cd  NMR. Different solvents were 

chosen for these syntheses, such as water, 1-butanol, and methanol. Selenourea can 

rapidly go through redox reactions in water and decompose. H2CN2, Se
2-

, and HSe
-
 are 

the products of this decomposition.
135

 Eventually methanol was chosen as the best 

solvent because of the stability of selenourea in methanol, as well as the ease of 

measuring low temperature NMR spectra. 
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2.2 Experimental Methods 

2.2.1 Sample Preparation 

Selenourea, thiourea,  3 22
Cd NO .4H O , triflic acid, methanol and 

4methanol d were purchased from Sigma-Aldrich and used without further purification. 

All sample preparations were carried out under inert Ar atmosphere in a glove box using 

dried, deoxygenated methanol to avoid oxidation and decomposition of selenourea. 

Although thiourea solutions were more stable, the process of synthesis remained the same 

as the selenourea solutions. Methanol was dried over 4 Å molecular sieves (Sigma-

Aldrich) and then distilled twice from magnesium turnings under Ar until the excess 

amount of magnesium was left unreacted.  

2.2.2 Synthesis of Cd(CF3SO3)2 

Dehydrated cadmium(II) triflate salt was prepared following an earlier report.
136

 6 M 

triflic acid solution was added to freshly prepared 2Cd(OH) , which was synthesized prior 

to the addition of triflic acid by reaction of  3 2
Cd NO  and NaOH in water, under a fume 

hood at 40 C  until all 2Cd(OH)  was dissolved. Then the solution was heated to 60 C  to 

reduce the volume to 5mL , which was followed by cooling in the refrigerator in order 

to crystallize. The crystals were filtered and dried in oven at 160 C  for 24 hrs, yielding a 

white dehydrated powder,  3 3 2
Cd CFSO . The thermal gravimetry (TG) data did not show 

any mass loss between 25 and 500°C, which confirmed the absence of any coordinated 

water molecules. 
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2.2.3 Synthesis of Cd(II)-selenourea 100 mM solutions in methanol 

Cd(II)-selenourea solutions were prepared in 2O free  dry methanol using 

 3 3 2
Cd CFSO  as the starting material, with a total cadmium concentration of 100 mM, 

and different SeU / Cd(II) ratios of 1.0 (A1), 2.0 (B1), 3.0 (C1), 4.0 (D1), and 5.0 (E1) (see 

Table 2-1). All syntheses were carried out inside a glove box to avoid selenourea 

decomposition. An excess amount of ligand was used (L / M > 4.0) to ensure formation 

of a Cd(II) complex with the highest feasible number of selenourea ligands coordinated.  

 

2.2.4 Synthesis of Cd(II)-thiourea 100 mM solutions in methanol 

Cd(II)-thiourea solutions containing  Cd II
C ~100 mM  were synthesized by 

dissolving thiourea (1.0 - 10.0 mmol) in 2O free  dry methanol, followed by the addition 

of  3 3 2
Cd CFSO  (1.0 mmol) while stirring. Seven solutions with TU / Cd(II) molar ratios 

of 1.0 (A2), 2.0 (B2), 3.0 (C2), 4.0 (D2), 5.0 (E2), 8.0 (F2), and 10.0 (G2) were prepared 

(see Table 2-2) 

Table 2-1 Composition of SeU / Cd(II) solutions in MeOH. 

Cd(II)-SeU solution SeU / Cd(II) mole ratio Cd(II)C mM 
SeUC mM 

1A  1.0 100 100 

1B  2.0 100 200 

1C  3.0 100 300 

1D  4.0 100 400 

E1 5.0 100 500 

Final volume = 10 mL 
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Table 2-2 Composition of TU / Cd(II) solutions in MeOH. 

Cd(II)-TU solution TU / Cd(II) mole ratio Cd(II)C mM 
TUC mM 

2A  1.0 100 100 

2B  2.0 100 200 

2C  3.0 100 300 

2D  4.0 100 400 

2E  5.0 100 500 

2F  8.0 100 800 

2G  10.0 100 1000 

Final volume = 10 mL 

2.2.5 Synthesis and Crystal Structure of cis-[Cd(TU)2(OH2)4]
2+

 and fac-

[Cd(TU)3(OH2)3]
2+

 disulfate  

Thiourea and CdSO4.8/3(H2O) with molar ratio of (3.8 : 1.0) were added to 10 ml 

of hot water, after slow evaporation of the solution at constant temperature (35 °C) 

following a reported procedure for preparing Cd(TU)3(SO4).
137

 A mixture of colorless 

crystals, mainly consisting of [Cd(TU)3(SO4)] and minor amount of cis-[Cd(TU)2(OH2)4] 

and fac-[Cd(TU)3(OH2)3] disulfate complexes were obtained. Figure 2-1 shows the 

resolved crystal structure for octahedral species cis-[Cd(TU)2(OH2)4]
2+

 and fac-

[Cd(TU)3(OH2)3]
2+

 disulfate.
138
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Figure 2-1 a) The molecular structure of cis-[Cd(TU)2(OH2)4]
2+

 and fac-

[Cd(TU)3(OH2)3]
2+

 disulfate with Cd-O and Cd-S bond distances in the ranges of 

2.323(8) - 2.421(9) Å and 2.580(4) - 2.599(4) Å respectively for Cd1 and Cd2 atoms in 

bis(thiourea) complex, cis-[Cd(TU)2(OH2)4]
2+

, and 2.303(7) - 2.480(10) Å and 2.559(4) - 

2.706(3) Å for Cd3 and Cd4 atoms in In the tris(thiourea) complex, fac-

[Cd(TU)3(OH2)3]
2+

 respectively
138
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Table 2-3 Crystal data and structure refinement for cis-[Cd(TU)2(OH2)4]
2+

 and fac-

[Cd(TU)3(OH2)3]
2+

 disulfateComplex 

 

Empirical formula  C10 H68 Cd4 N20 O30 S14  

Formula weight  1847.28  

Temperature  173(2) K  

Wavelength  0.71073 Å  

Crystal system  Monoclinic  

Space group  Pc  

Unit cell dimensions a = 10.9941(3) Å = 90°. 

 b = 11.7602(3) Å = 98.9169(12)°. 

 c = 24.0100(5) Å  = 90°. 

Volume 3066.80(13) Å3  

Z 2  

Density (calculated) 2.000 Mg/m3  

Absorption coefficient 1.936 mm-1  

F(000) 1848  

Crystal size 0.07 x 0.06 x 0.05 mm3  

Theta range for data collection 2.44 to 25.00°.  

Index ranges -12<=h<=13, -13<=k<=13, -

28<=l<=28 

 

Reflections collected 16186  

Independent reflections 9995 [R(int) = 0.0367]  

Completeness to theta = 25.00° 99.3 %   

Absorption correction Multi-scan method  

Max. and min. transmission 0.9094 and 0.8764  

Refinement method Full-matrix least-squares on F2  

Data / restraints / parameters 9995 / 44 / 675  

Goodness-of-fit on F2 1.072  

Final R indices [I>2sigma(I)] R1 = 0.0444, wR2 = 0.0840  

R indices (all data) R1 = 0.0538, wR2 = 0.0918  

Absolute structure parameter 0.18(5)  

Largest diff. peak and hole 0.774 and -0.601 e.Å-3  

 



49 

 

2.2.6 113
Cd NMR Spectroscopy 

113
Cd NMR spectra of Cd(II)-selenourea and thiourea solutions were recorded at a 

resonance frequency of 88.6 MHz, using a Bruker DRX400 spectrometer (9.4 Tesla). The 

NMR spectrum for Cd(II)-selenourea SeU / Cd(II) = 2.0 solution was measured at 

different temperature (203K, 213K, and 223K); some of the peaks became broader as the 

temperature increased from 203K to 213K and disappeared at 223K. Therefore, the 

temperature was set at 203K for all measurements unless otherwise stated. Temperatures 

were calibrated using the 1H NMR spectrum of MeOH.
139

 All solutions contained ~ 70 % 

dry methanol and ~ 30 % dry 4methanol d . The 113  Cd  chemical shifts were calibrated 

using as external reference 0.1 M  4 22
Cd ClO .6H O  in 2D O , resonating at 0 ppm at 

room temperature. Figure 2-2 shows the effect of different solvents and temperatures on 

the 
113

Cd NMR spectra of 0.1 M  4 22
Cd ClO .6H O  solutions. 

113
Cd solid state NMR spectra of standard were collected at a resonance frequency 

of 76.2 MHz, using a Bruker AMX300 spectrometer (7.2 Tesla). The spectrometer 

equipped with a BL4 MAS double-resonance broadband probe at resonance frequencies 

of 66.59 MHz for 
113

Cd nuclei. The samples were packed into 4 mm ZrO rotors with 

different spin rate. Spectra were collected using a 4 ms contact time, and 10 s recycle 

delay. Solid Cd(ClO4)2.6H2O was used as a reference resonating at 0 ppm at room 

temperature.  
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Figure 2-2 113  Cd  NMR sensitivity to solvent and temperature:
140,97 

0.1 M Cd(ClO4)2 in - 

(a) D2O at 298 K; (b) MeOH+ 30% MeOD at 298K; (c) MeOH+ 30% MeOD at 203 K. 

 

2.2.7 Cd K- and LIII-edge X-ray absorption spectroscopy data collection 

Cd K-edge X-ray absorption spectra were collected using beamline 7-3 at the 

Stanford Synchrotron Radiation Lightsource (SSRL) with storage ring containing 150-

200 mA current at 3.0 GeV. Ion chambers 0I , 1I  and 2I  were filled with Ar gas. The 

spectra were collected in transmission mode for MeOH solution containing 
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Cd(II)C 100mM  and SeU / Cd(II) mole ratios 1.0 (A1), 2.0 (B1), and 5.0 (E1), and TU / 

Cd(II) mole ratios 1.0 (A2) - 10.0 (G2). These solutions were held in a 2 mm pinhole cell 

covered with Kapton windows; the sample temperature was maintained at  200 K by 

means of an Oxford Instruments liquid helium flow cryostat. The Cd K-edge of the Cd-

TU system was measured also at room temperature. Harmonic rejection was achieved by 

detuning the Si (220) double crystal monochromator to 50 %  of the maximum 

0I intensity at the end of the scan (27735 eV). The energy of the X-rays was calibrated by 

assigning the first inflection point of a Cd foil to 26711 eV. Between two and five scans 

were collected for each sample and those that were overlapping were averaged after 

energy calibration. 

Cd IIIL -edge XANES spectra for solutions A2 – G2 containing Cd(II)C 100mM  

and TU / Cd(II) mole ratios 1.0 to 10.0 and various references with known crystal 

structures were measured at room temperature in fluorescence mode using a PIPS 

detector on BL 4-3 at SSRL. Ion chamber 0I was filled with He gas. Solutions were held 

in a 2 mm Teflon spacer with 5 m  polypropylene film as the window material and kept 

under He atmosphere during the measurements. Higher harmonics from the Si (111) 

double crystal monochromator were rejected with a nickel and rhodium coated mirror. 

The energy was calibrated by assigning the first inflection point of a cadmium foil to 

3537.6 eV. Either 2 or 3 scans were collected for each sample. 
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2.2.8 X-ray absorption spectroscopy data analysis 

The Cd K-edge X-ray absorption data were calibrated and averaged using the 

EXAFSPAK program.
90

 For each sample, individual scans were overlapped before 

averaging, to check that no radiation damage had occurred. The Cd K-edge EXAFS 

oscillation was extracted using the WinXAS 3.1 program.
91

 The background in the pre-

edge region was removed using a first order polynomial. This was followed by 

normalization of the edge (in order to eliminate the effects of sample concentration and 

thickness), then conversion of the energy into k-space, where 

2 2

e 0k [(8 m /h )(E E )]   , using a threshold energy of 0E 26710.0 26710.6 eV  . 

The atomic contribution was removed, using a cubic spline method. The (k)  models 

were constructed by means of ab initio calculation of the effective amplitude function 

eff i( )f k , the total phase-shift ij( ) k , and photoelectron mean free path ( ) k , using the 

FEFF 8.1 program
93

 for the atomic coordinates of the crystal structure for octahedral 

4 3 2Cd(TU) (OReO )
141

 with CdS4O2 geometry, and tetrahedral 4 2 2Cd(TU) (ONO )
60

 with 

CdS4 geometry as a model for thiourea system (see Appendix B), and tetrahedral 

Cd(dmise)4(PF6)2 (dmise = 1,3-dimethyl-2(3H)imidazoleselone)
42

 as a model for 

selenourea system (see Appendix B). 

The structural parameters of the model function were refined by least squares 

curve-fitting to the 3k -weighted experimental EXAFS data using the Win XAS 3.1 

program, by fixing the 2

0S  (1.0), and/or coordination number (N), and allowing distance 

(R), Debye-Waller parameter ( 2 ), and 0E to float. The estimated error of the refined 
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Cd-S/Se coordination numbers, bond distances and disorder parameters are 

within 20%,  0.02 Å  , and 20.001 Å , respectively. 

 

2.3 Result 

2.3.1 Speciation of Cd(II)-selenourea complexes in methanol solution 

In order to investigate the coordination environment of Cd in the Cd(II)-

selenourea system, a series of Cd(II)-selenourea methanol solutions (A1-E1, see Table 

2-1) containing 0.1 M Cd
2+

 and various selenourea concentrations were studied using 

113Cd  NMR and Cd K-edge XAS at low temperature. Measuring the EXAFS data at low 

temperature has two benefits: avoiding any photo reduction and increasing k-range of 

data by decreasing the thermal disorder. 

Figure 2-3 shows the 113  Cd  NMR, the Cd K-edge EXAFS spectra, and their 

corresponding Fourier transforms of Cd(II)-selenourea solutions with different SeU / 

Cd(II) ratios at 203K. Figure 2-4 shows the result of EXAFS curve fitting for Cd(II)-SeU 

solutions A1, B1, and E1. EXAFS spectra of solution C1 was not measured since there was 

a mixture of species in the solution. Based on the 
113

Cd NMR spectra of solution D1 and 

its similarity to solution E1, the EXAFS spectra of Solution D1 was not measured. 
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Figure 2-3
113Cd  NMR spectra for Cd(II)-selenourea MeOH solutions 1 1A E  containing 

 Cd II
C ~100 mM  with varying SeU / Cd(II) molar ratios, measured at 203K. 



55 

 

 

 

Figure 2-4 (Left) Cd K-edge EXAFS spectra and (Right) corresponding Fourier 

transforms for Cd(II)-SeU solution A1, B1, and E1 SeU / Cd(II) molar ratios 1.0, 2.0, and 

5.0,  Cd II
C ~100 mM . 

Table 2-4 EXAFS curve fitting results for Cd(II)-SeU solution A1, B1, and E1 at  200 K 

and fixed 
2

0S  = 1.0. 

 Cd-Se Cd-O  

Solution N R(Å)  2 2σ (Å )  N R(Å)  2 2σ (Å )  Residual 

A1 0.9 2.62 0.0032 5f 2.31 0.0052 15.2 

B1 2.8 2.62 0.0057 4f 2.36 0.0089 13.8 

E1 4.3 2.63 0.0047    8.2 

  

In the 113  Cd  NMR spectra of Cd(II)-selenourea solutions A1 – C1 with lower SeU 

/ Cd(II) mole ratios (1.0, 2.0, and 3.0) (Figure 2-3), multiple peaks were observed which 
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show a mixture of species. For solutions B1 and C1 containing SeU / Cd(II) = 2.0 and 3.0 

(Figure 2-3), four signals appeared at different 113  Cd  chemical shifts. Although their 

positions remained the same, their intensities changed, showing that the equilibrium 

between the dominant species has changed as the selenourea concentration increased 

from 0.2 M to 0.3 M. As the amount of selenourea increases, the peaks in the more 

deshielded region gain in intensity, indicating a higher concentration of Cd(II) complexes 

with more selenourea in their coordination shell. For solution D1 and E1 with a SeU / 

Cd(II) mole ratio  4.0, a single peak appeared at 573 – 578 ppm, showing a dominating 

CdSe4 species in these solutions.  

As was shown in Figure 2-4, the shape of the EXAFS envelope changes from A1 

solution to E1 solution with the EXAFS amplitude increasing at higher k values, which 

indicates there is a higher contribution of heavier atoms (i.e., Se vs. O) as the SeU / 

Cd(II) mole ratio increases. The latter was also observed in the corresponding Fourier 

Transforms (FT) of these solutions (Figure 2-4), which shows a distinctive shift of 

maximum peak position between A1 and E1 solutions from shorter to longer bond 

distances (i.e., Cd-O vs. Cd-Se). Superimposing the FT spectra of these solutions also 

shows an increase in the amplitude as the SeU / Cd(II) mole ratio increases, which 

indicates an increase in selenium coordination. As shown in Figure 2-3, the four 113  Cd  

NMR peaks of solution C1 have similar intensity which makes it impossible to get any 

useful data from EXAFS measurement of this solution. Additionally, based on the 

similarities of the 113  Cd  NMR spectra of solutions D1 and E1, only the EXAFS spectrum 

of solution E1 (SeU / Cd(II) = 5.0) was measured. 
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For the peak assignment, the 113  Cd  NMR chemical shifts of the Cd(II)-

selenourea solutions were compared with the 113  Cd  NMR chemical shifts reported in the 

literature for cadmium complexes with either sulfur or selenium coordination (Table 1-4 

and Table 1-5), knowing that selenium is more shielding than sulfur. Since there was a 

limited number of reported Cd Se    values in the literature, the EXAFS results for Cd(II)-

selenourea solutions, and also comparison with 113  Cd  NMR spectra of Cd(II)-thiourea 

solutions helped us to assign the 113  Cd  NMR peak positions shown in Figure 2-3. 

For SeU / Cd(II) ratio = 1.0, the 113Cd  NMR spectrum of solution 1A  showed 

three minor and one major peaks (Figure 2-3). A minor peak at -22 ppm is assigned to 

3 3 2Cd(CFSO )  in MeOH (Figure 2-5), with CdO6 coordination in the solution. The 

EXAFS spectrum of solution A1 (Figure 2-4) was well modeled by 1 Cd-Se bond with a 

mean distance of 2.62 0.02Å  and 5 Cd-O bonds with mean distances of 2.31 0.02Å  

(see Table 2-4). The EXAFS spectrum shows the average of the bond distances for all 

species present in solution. According to the 
113

Cd NMR spectrum of solution A1, almost 

90% of the Cd species have Cd  96 ppm   and form the major contribution in EXAFS 

oscillation. Therefore the 
113

Cd NMR peak at 96 ppm represents CdSeO5 (O = triflate or 

MeOH). There are two other minor peaks at 193 and 436 ppm. 
113

Cd solid state NMR 

spectra of cis-[Cd(TU)2(OH2)4](SO4) and [Cd(TU)3(SO4)] crystal shows two peaks at 148 

ppm and 346 ppm which were assigned to CdS2O4 and CdS3O3 respectively. Based on 

the 
113

Cd NMR of cis-[Cd(TU)2(OH2)4](SO4) and [Cd(TU)3(SO4)] the two peaks at 193 

and 436 ppm were assigned to CdSe2O4 and CdSe3O, respectively. Based on the 113  Cd  
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chemical shift and the EXAFS spectrum, a mixture of Cd(II) complexes with CdO6, 

CdSeO5, CdSe2O4, and CdSe3O coordination environment is proposed for solution A1 

with Cd(SeU)(MeOH)m(CF3SO3)2 (m = 3 -5) as the dominant species. 

 

Figure 2-5 
113

Cd NMR spectra for Cd(CF3SO3)2 in MeOH solutions at 203 K. 

For SeU / Cd(II) ratio = 2.0, the 113Cd  NMR spectrum of solution 1B  (SeU / 

Cd(II) = 2.0) showed three minor and one major 113Cd  resonances (Figure 2-3). The peak 

at 97 ppm is assigned to CdSeO5, which was the major species in solution A1 (SeU / 

Cd(II) ratio = 1.0). The peaks at 194 and 436 ppm have the same assignments as for 

solution A1. There is a minor peak at 578 ppm which was absent for solution A1. This 

peak gains intensity as [SeU] increases in solutions C1 – E1. Chemical shifts for 

mononuclear 4CdSe  species have been observed at 541 ppm for 4CdSe  species in 

 
2

4
Cd SePh



 
   and at 587 to 597 ppm for  

2

4
Cd SeP



 
   complex ion (see Table 1-5). 

The 3CdSe  species is observed at 250 ppm for   
3

Cd SeC O Tol 
 

 species. Based on 
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the above reported values, the small, broad peak at 578 ppm is associated with a small 

amount of four coordinated species, 2

4Cd(SeU)  . The EXAFS spectrum of solution B1 

(Figure 2-4) was well modeled (see Table 2-4) with 2 or 3 Cd-Se bonds with mean bond 

distance of 2.62 0.02 Å , and 4 Cd-O bonds with mean distances of 2.36 0.02Å . 

Based on the 113  Cd  chemical shifts, a mixture of CdSeO5, CdSe2O4 and CdSe3O with a 

small percentage of 4CdSe  coordination environments are proposed for solution B1 with 

Cd(SeU)O5 dominating. 

For SeU / Cd(II) ratio = 3.0, the 113  Cd  NMR spectrum for solution 1C  

composed of SeUC ~ 300 mM  and 
 Cd II

C ~100 mM  at 203 K showed four 

distinguishable peaks consistent with those that were observed for SeU / Cd(II) ratio = 

2.0 (Figure 2-3), with significant differences in their intensities. Since the chemical shift 

positions remain the same, we propose that the species are the same in both B1 and C1 

solutions. The obvious changes in their intensity show that the equilibrium among these 

species changed from solution B1 to C1. In solution C1 with higher selenourea 

concentration, species with higher number of selenourea coordination gain more 

intensity. 

For SeU / Cd(II) ratio = 4.0 and 5.0, the 113  Cd  NMR spectrum for solution 1D  

composed of SeUC ~ 400 mM  and  Cd II
C ~100 mM  at 203 K showed a single sharp peak 

at 578 ppm (Figure 2-3). Even after hours of data collection, no other peaks were 

observed. The 113  Cd  NMR spectrum for solution 1E  composed of SeUC ~ 500 mM  and 

 Cd II
C ~100 mM  at 203 K also showed a single sharp peak at 573 ppm. The EXAFS 
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spectrum of solution 1E  was well modeled (see Figure 2-4 and Table 2-4) by 4 Cd-Se 

bonds with mean distances of 2.63  0.02 Å  which is similar to the Cd-Se bond distance 

(2.6227 Å) obtained from Cd(dmise)4(PF6)2 (dmise = 1,3-dimethyl-

2(3H)imidazoleselone) (see Appendix B). Therefore, a 2

4Cd(SeU)   with 4CdSe  

coordination environment is proposed for both solutions D1 and E1. 

Attempts to measure the 113  Cd  NMR spectra of solutions with a SeU / Cd(II) 

mole ratio > 5.0 failed due to the formation of excess selenourea crystals inside the NMR 

tube, as a result of saturation and lower solubility of selenourea than thiourea in methanol 

at 203 K. 

 

The Cd(II) coordination environment was studied by means of 
113

Cd NMR 

spectroscopy, Cd K-edge, and Cd LIII-edge XAS in a series of Cd(II)-thiourea solutions at 

both low temperature ( 200 K) and room temperature. 

 

2.3.2 Speciation of Cd(II)-thiourea complexes in methanol solution at low temperature 

Figure 2-6 and Figure 2-11 show the 
113

Cd NMR spectra and the EXAFS spectra 

and their corresponding Fourier transforms of different L / M ratios of Cd(II)-thiourea 

solutions at 203K and room temperature, respectively. 
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Figure 2-6
113  Cd  NMR spectra of Cd(II)-thiourea solutions 2 2A G   Cd II

C ~100 mM . 

All spectra were measured in a mixture of  70% methanol and  30% 4methanol -d at 203 

K. 

In order to interpret the Cd  observed for Cd(II)-thiourea solutions, a series of Cd-

thione complexes was synthesized according to a previously reported procedure and their 

solid state 
113

Cd NMR were measured. (Figure 2-7 to Figure 2-9). These complexes are: 

tetrathiourea-cadmium dinitrate, [Cd(TU)4](NO3
-
)2, with coordination environment of 

CdS4
60

 (see Appendix B), tetrakis(N,N-Dimethylthioformamide)-bis 

(trifluoromethanesulfonato-O)-cadmium(II), [Cd(SCHN(CH3)2]4(O3SCF3)2, with 
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coordination environment of CdS4O2
142

 (see Appendix B), hexakis(N,N-

Dimethylthioformamide)-cadmium(II) diperchlorate, [Cd(SCHN(CH3)2)6](ClO4
-
)2, 

(SCHN(CH3)2 = N,N-dimethylthioformamide) with coordination environment of CdS6.
142

 

(see Appendix B), and a sample containing mainly [Cd(TU)3(SO4)] with coordination 

environment of CdS3O and minor amount of cis-[Cd(TU)2(OH2)4]
2+

 and fac-

[Cd(TU)3(OH2)3]
2+

 disulfate, with coordination environment of CdS2O4 + CdS3O3 were 

measured. The crystal structures of these complexes was confirmed by X-ray 

crystallography and their solid state NMR were measured at a resonance frequency of 

66.6 MHz using AMX 300 spectrometer (7.2 Tesla).  

 

Figure 2-7 Solid state 
113

Cd NMR spectra of Cd(SCN2H4)4(NO3)2 at different spin rate at 

room temperature (CdS4, iso = 577 ppm, with 11= 651 ppm, 22 = 576 ppm, and 33= 501 

ppm). 
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Figure 2-8 Solid state 
113

Cd NMR spectra of Cd(SCHN(CH3)2)4(O3SCF3)2 at different 

spin rate at room temperature (CdS4O2, iso = 263 ppm, with 11= 562 ppm, 22 = 263 

ppm, and 33= -35 ppm). 
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Figure 2-9 Solid state 
113

Cd NMR spectra of Cd(SCHN(CH3)2)6](ClO4)2 at different spin 

rate at room temperature (CdS6, iso = 403 ppm, with 11= 553 ppm, 22 = 403 ppm, and 

33= 250 ppm). 
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Figure 2-10 Solid state 
113

Cd NMR spectra of cis-[Cd(TU)2(OH2)4]
2+

 and 

[Cd(TU)3(SO4)] at 8000 Hz spin rate at room temperature (CdS2O4 and CdS3O,  = 148 

and 346 ppm respectively). 

 

Figure 2-11 (Left) Cd K-edge EXAFS spectra and (Right) corresponding Fourier 

transforms for Cd(II)-TU solutions A2-G2 with TU / Cd(II) molar ratios 1.0 to 10.0, 

 Cd II
C ~100 mM  at 200-205 K. 
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Table 2-5 EXAFS curve fitting results for Cd(II)-TU solution A2-G2 at 200 – 205 K. 

S0
2
 = 1.0 fixed. 

Solution 
113

δ( Cd) ppm 
Cd-S Cd-O  

N R(Å)  
2 2σ (Å )  N R(Å)  

2 2σ (Å )  0ΔE  Residual 

A2 -21, 94, 189 1f 2.53 0.0049 5.6 2.29 0.0079 -3.3 15.2 

B2 94, 191, 338 2f 2.53 0.0050 4.1 2.31 0.0107 -3.8 10.1 

D2 515 3.7 2.53 0.0050    -1.7 15.6 

E2 506 3.7 2.53 0.0053    -0.9 11.6 

F2 460 3.5 2.54 0.0066    -3.3 19.4 

G2 424 3.9 2.54 0.0088    -4.4 20.3 

 

For TU / Cd(II) ratio = 1.0, the
 113

Cd NMR spectrum of solution 2A  showed 

two minor and one major peaks (Figure 2-6). The peak at -21 ppm, is related to 

3 3 2Cd(CFSO )  in MeOH with CdO6 coordination in the solution (Figure 2-5). Two other 

peaks appeared at 94 and 189 ppm and are similar to the peaks observed in Cd(II) – 

selenourea solution A1 at 96 and 193 ppm (Figure 2-3). Based on reported values for 

113
Cd NMR chemical shifts in the literature, it can be assumed that the observed peak is 

in the octahedral species region with high coordination number of oxygen. The Fourier 

transforms for Cd(II)-TU solutions gives one single broad peak, corresponding to the Cd-

S and Cd-O paths. The small peaks below 1.5 Å in some of the samples are spurious 

peaks, generated from the background removal procedure. The EXAFS spectrum of 

solution A2 was well modeled (see Table 2-5) by 1 Cd-S bond with mean distance of 

2.53 0.02 Å  and 5 Cd-O bonds with mean distances of 2.29 0.02 Å using CdSO5 

model (Table 2-5). The obtained bond distances are in the range of bond distances 

obtained for octahedral crystal structures (see Appendix A1). Using models with higher 

sulfur coordination numbers resulted in either small amplitude reduction factor, S0
2
, or 
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unreasonable bond distances or coordination number. The S0
2 

was fixed at 1.0, the value 

obtained by EXAFS curve fitting of models with known crystal structure used as Feff 

fitting models. Information about the coordination environment of solution A2 was 

obtained from Cd K-edge EXAFS, 
113

Cd NMR, also by comparisons of Cd LIII-edge 

XANES spectra of solution A2 with structurally known cadmium(II) complexes. The 

peak at 94 ppm is assigned to 5CdSO  and the one at 189 ppm is assigned to 2 4CdS O . 

Since the EXAFS spectrum shows only average bond distances and the dominant 
113

Cd 

NMR peak is at 94 ppm, which represents CdSO5, therefore a mixture of CdO6, CdSO5, 

and CdS2O4 coordination environment is proposed for solution A2. 

For TU / Cd(II) ratio = 2.0, the minor peak at 94 ppm, which was also observed 

for solution A2, is assigned to CdSO5 species. A major peak appeared at 191 ppm, and a 

minor peak at 338 ppm. Based on available 113  Cd  chemical shifts in the literature and 

also values obtained from SS NMR of mixture of [Cd(TU)3(SO4)] and cis-

[Cd(TU)2(OH2)4]
2+

 and fac-[Cd(TU)3(OH2)3]
2+

 disulfate (see Figure 2-10), the peak at 

191 ppm which is the dominant peak is assigned to CdS2O4 and the broad peak observed 

at 338 ppm for solution 2B  is assigned to 3CdS O  coordination environment. The 

EXAFS spectrum of solution B2 was well modeled (see Table 2-5) by 2 Cd-S bonds with 

mean distance of 2.53  0.02 Å and 4 Cd-O bonds with mean distances of 2.31  0.02 Å. 

For TU / Cd(II) ratio = 3.0, the 113  Cd  NMR spectrum for solution 2C  

composed of TUC ~ 300 mM  and  Cd II
C ~100 mM  at 203 K showed (Figure 2-15) four 

distinguishable peaks at 94, 191, 338, and 529 ppm, of which the first three peaks are 

similar to those in solution B2 with significant differences in their intensities. 
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Additionally, a broad peak appeared at 529 ppm, which was absent in solution B2. Since 

the chemical shift positions remained the same in both solutions B2 and C2, we propose 

that the types of species are the same but the changes in their intensity shows that the 

equilibrium amongst these species have changed from solution B2 to C2 as the ligand 

concentration increased from 0.2 M to 0.3 M. At the new equilibrium, species with higher 

thiourea coordination numbers gained more intensity. Since the 113Cd  solid state NMR 

spectrum of the reference compound tetrathiourea-cadmium dinitrate (CdS4) showed a 

peak at 577 ppm at room temperature, we conclude that the small, broad peak at 529 ppm 

is associated with a mixture of CdS3O3 and CdS4 species. The EXAFS spectrum of this 

solution (C1) does not give any useful information as it shows only a mixture of species 

and the dominant 
113

Cd NMR peak is at 191 ppm which represents CdS2O4. A mixture of 

6-coordinated CdSO5, CdS2O4, and CdS3O3 and a small percentage of 4-coordinated CdS4 

is proposed for solution C2. 

For TU / Cd(II) ratio = 4.0 – 10.0, for solutions D2 to G2 (TU / Cd(II) = 4.0 - 

10.0), the 
113

Cd NMR peaks appeared between 424 and 515 ppm. The peaks moved 

downfield as a single broad peak, comparing with dominant peaks for solutions A2 to C2 

(TU / Cd(II) = 1.0 - 3.0). The peaks were broad, indicating fast ligand exchange between 

mixtures of species. This downfield shift of the 
113

Cd NMR peak shows that a higher 

number of sulfur atoms are coordinated as thiourea concentration increases. The EXAFS 

fitting of these solutions show an increase in the S coordination number. 

 The 113  Cd  NMR spectrum for solution 2D  composed of TUC ~ 400 mM  and 

 Cd II
C ~100 mM  at 203 K showed a single broad peak at 515 ppm. This shows that, as 
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the TU / Cd(II) ratio increases, the of species in the solution are changing, towards 4-

coordinated species. This peak (515 ppm) can be associated with a mixture of CdS4O and 

CdS4 species. This information was confirmed with the EXAFS spectrum of solution D2, 

which was well modeled (see Table 2-5) by 3.7 Cd-S bonds with mean distance of 2.53  

0.02 Å. This average Cd-S bond distance is in the range expected for tetrahedral species 

in solution. Considering the lower sensitivity of EXAFS compared to NMR, the error 

range of 20% for coordination number measurement in EXAFS, and also, since it is 

harder to detect the existence of light atoms such as oxygen in the presence of a heavier 

backscatterer such as sulfur, also considering the facts that 
113

Cd NMR of Cd(TU)4(NO3)2 

shows a peak at iso = 577 ppm, the observed  = 541 ppm for:TU / Cd(II) = 10.0 mole 

ratio, and the chemical shift change from 529 ppm (TU / Cd(II) = 3.0) to 515 ppm (TU / 

Cd(II) = 4.0), we conclude that the single 
113

Cd NMR peak at 515 ppm represents minor 

CdS4O and CdS4. These are the only species in solution D2. 

For TU / Cd(II) ratio = 5.0, the 113  Cd  NMR spectrum for solution 2E  

composed of TUC ~ 500 mM  and  Cd II
C ~100 mM  at 203 K showed a single peak at 506 

ppm. This peak can be associated with a mixture of CdS4O and CdS4 species (Figure 

2-6). The EXAFS spectrum of solution E2 was well modeled (see Table 2-5) by 3.7 Cd-S 

bonds with mean distance of 2.53 0.02 Å . Compared to the 
113

Cd NMR value for 

previous ratio (solution A2-D2), the chemical shift moved to lower values, by looking at 

the value resulted from measuring CdS4 (577 ppm) and CdS6 (403 ppm) references, it 

seems that as ligand ratio increases, the coordination number tends to go to higher value 

(i.e., 6), therefore the possible species in solution E2 are CdS4 and CdS4O and minor 



70 

 

amount of CdS6 since chemical shift changes to more shielded region comparing to 

previous ratio (from 515 ppm to 506 ppm). 

 For TU / Cd(II) ratio = 8.0, the 113  Cd  NMR spectrum for solution 2F  composed 

of TUC ~ 800 mM  and 
 Cd II

C ~100 mM  at 203 K showed a single peak at 460 ppm. This 

shows that the 113  Cd  NMR peak is shifted to more shielded areas; in other words, it 

shows an increase in coordination number. This peak is consistent with a mixture of four-

coordinated species 4CdS , and small portion of 6-coordinated species 5CdS (S / O) and 

6CdS  (Figure 2-6). The EXAFS spectrum of solution F2 was well modeled (see Table 

2-5) by 3 to 4 Cd-S bonds with mean distance of 2.54 0.02 Å . Based on slight increase 

in the obtained bond distance for solution 2F  and the fact that Cd   is shifting toward more 

shielded region and comparing the value with 403 ppm as standard CdS6, there is a 

mixture of species ( 4CdS , 5CdS (S / O) and 6CdS ) in solution F2.  
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Figure 2-12 Comparison between k
3
-weighted EXAFS spectra of solutions D2 and F2. 

Figure 2-12 shows that the EXAFS amplitude for solution F2 (TU / Cd(II) = 8.0) 

is smaller than the EXAFS amplitude for solution D2 (TU / Cd(II) = 4.0). This decrease 

in the EXAFS amplitude is opposite to what is expected (i.e., the EXAFS amplitude 

increases as coordination number increases). This could be explained by the fact that if 

the EXAFS oscillation of existing species in the solution ( 4CdS , 5CdS (S / O) , and 6CdS ) 

have different phase shifts, they will cancel each other, causing the amplitude to be lower 

than expected. 

For TU / Cd(II) ratio = 10.0, the 113  Cd  NMR spectrum for solution 2G  

composed of TUC ~1000 mM  and  Cd II
C ~100 mM  at 203 K showed only one single 
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peak at 424 ppm, which can be assigned to 4CdS , 5CdS (S / O) and 6CdS , with the 4-

coordinated species dominant. The EXAFS spectrum of solution G2 was well modeled 

(see Table 2-5) by 4 to 5 Cd-S bonds with mean distance of 2.54 0.02Å . Additionally, 

the EXAFS spectrum of this solution was measured at 160-170 K (sample is frozen at 

this temperature), and was well-modeled with 6-coordinated species with Cd-S bonds 

with mean distance of 2.75 0.02 Å , which matches with the value that were obtained 

for 6-coordinated complexes in the (see Appendix A1). 

 

Figure 2-13 Comparison between k
3
-weighted EXAFS spectra of solutions G2 at 160 K 

and 200 K. 

The comparison of EXAFS amplitude of G2 solution at 160 K and 200 K shows 

an increase in the EXAFS amplitude, which proves the formation of higher coordination 

number (Figure 2-23). 



73 

 

2.3.3 Speciation of Cd(II)-thiourea complexes in methanol solution at room 

temperature 

In order to confirm the 
113

Cd NMR peak assignments of Cd(II)-thiourea solutions 

at low temperature (i.e., the peak appeared at 529 ppm in Figure 2-6), 
113

Cd NMR and 

EXAFS spectra of Cd(II)-thiourea solutions were also measured at room temperature. 

Figure 2-14 and Figure 2-15 show the results of these measurements. For TU / Cd(II) 

ratios from 1.0 to 3.0 (solution A2-C2), attempts to measure their 
113

Cd NMR failed and 

no signal was obtained due to the fast exchange of species in the NMR time scale. For 

TU / Cd(II) ratios from 4.0 to 10.0 solutions (solution D2-G2), we were able to get NMR 

signals in the range of 503 to 541 ppm. As was shown in Figure 2-14, as the ligand ratio 

increase, the resonances shifted downfield, indicating a higher contribution of S 

coordination.  

 

Figure 2-14 113  Cd  NMR spectra of Cd(II)-thiourea solutions 2 2D G   Cd II
C ~100 mM  

in  70 % methanol and  30 % 4methanol -d at 298 K. 
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Figure 2-15 (Left) Cd K-edge EXAFS spectra and (Right) corresponding Fourier 

transforms for Cd(II)-TU solutions A2-G2 with TU / Cd(II) molar ratios 1.0 to 10.0, 

 Cd II
C ~100 mM  at room temperature. 

Table 2-6 EXAFS curve fitting results for Cd(II)-TU solution A2-G2 at room 

temperature. 2

0S  value was fixed at 1.0. 

Solution 
113

δ( Cd)  

ppm 

Cd-S Cd-O  

N R(Å)  
2 2σ (Å )  N R(Å)  

2 2σ (Å )  0ΔE  Residual 

A2 N/A 1.0f 2.52 0.0058 4.3 2.28 0.0087 -3.2 11.2 

B2 N/A 1.5f 2.52 0.0039 4.0 2.28 0.0135 -1.6 17.2 

C2 N/A 3.0f 2.52 0.0056 1.2 2.26 0.0216 -3.2 11.1 

D2 503 
3.3 2.53 0.0066 0.5f 2.26 0.0014 -0.2 11.0 

3.5 2.52 0.0062    -2.5 12.2 

E2 534 3.9 2.54 0.0056    -1.0 13.5 

F2 541 3.3 2.53 0.0052    -1.3 14.0 

G2 533 3.7 2.53 0.0062    0.7 10.7 
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For TU / Cd(II) ratio = 1.0, although no 
113

Cd NMR signal was observed for this 

solution at room temperature, we know from 
113

Cd NMR spectra of solution A2 at 203 K 

that there is a mixture of species in the solution, The EXAFS spectrum of solution A2 was 

well modeled (see Table 2-6) by 1 to 1.5 Cd-S bonds with mean distance of 

2.52 0.02 Å  and 4 to 5 Cd-O bonds with mean distances of 2.28 0.02 Å . Therefore, a 

mixture of minor CdS2O4, CdO6 and major CdSO5 species exists in solution A2 at room 

temperature, as observed in 
113

Cd NMR of A2 at 203 K. 

For TU / Cd(II) ratio = 2.0, the EXAFS spectrum of solution B2 was well 

modeled (see Table 2-6) by 1.5 Cd-S bonds with mean distance of 2.52 0.02 Å  and 4 

Cd-O bonds with mean distances of 2.28 0.02 Å . Since there is no 
113

Cd NMR for this 

solution at room temperature, based on 
113

Cd NMR of this solution at 203 K, there is a 

mixture of CdSO5 and CdS2O4 species in solution B2. 

For TU / Cd(II) ratio = 3.0, the EXAFS spectrum of solution C2 was well 

modeled (see Table 2-6) by 3 Cd-S bonds with mean distance of 2.52 0.02 Å  and 1 Cd-

O bond with mean distance of 2.26 0.02 Å . Considering the fact that EXAFS only 

provide information on average bond distance and also based on the 113  Cd  NMR 

spectrum of solution C2 at 203 K, there is a mixture of 4-coordinated species CdS4 and 

CdS3O3 and possibly CdS2O4 (based on LT 113  Cd  NMR) in solution C2. 

For TU / Cd(II) ratio = 4.0, the 113  Cd  NMR spectrum for solution 2D  

composed of TUC ~ 400 mM  and  Cd II
C ~100 mM  at room temperature showed a single 

peak at 503 ppm. This value is near 577 ppm at room temperature, which is the measured 

value for solid state NMR for CdS4 reference confirming that there are 4-coordinated 
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species, i.e., CdS3O3 and CdS4 (Figure 2-14). The EXAFS spectrum of solution D2 was 

well modeled (see Table 2-6) by 3 to 4 Cd-S bonds with mean distance of 2.52 0.02 Å . 

For TU / Cd(II) ratio = 5.0, the 113  Cd  NMR spectrum for solution 2E  

composed of TUC ~ 500 mM  and 
 Cd II

C ~100 mM  at room temperature showed a single 

peak at 534 ppm. This peak is associated with a mixture of species; minor CdS3O3 and 

major CdS4 (Figure 2-14). This value is higher than the value obtained for solution D2, 

which indicates higher fractionation of CdS4 species, but lower than the reference value 

which indicate the existence of CdS3O3 species in the solution. The EXAFS spectrum of 

solution E2 was well modeled (see Table 2-6) by 4 Cd-S bonds with mean distance of 

2.54 0.02 Å . Therefore, the single 
113

Cd NMR peak at 534 ppm represents a mixture of 

broad CdS3O3 and CdS4 in solution E2. 

For TU / Cd(II) ratio = 8.0, the 113  Cd  NMR spectrum for solution 2F  composed 

of TUC ~ 800 mM  and  Cd II
C ~100 mM  at room temperature showed a single peak at 

541 ppm. This shows that the 113  Cd  NMR peak is shifted to more deshielded area, in 

other words, it shows an increase in the percentage of CdS4 species in solution (Figure 

2-14). The EXAFS spectrum of solution F2 was well modeled (see Table 2-6) by 3 to 4 

Cd-S bonds with mean distance of 2.53 0.02Å . Both the EXAFS spectrum and 113  Cd  

NMR show there is a dominant CdS4 species in the solution.  

 Finally, For TU / Cd(II) ratio = 10.0, the 113  Cd  NMR spectrum for solution 2G  

composed of TUC ~1000 mM  and  Cd II
C ~100 mM  at room temperature showed only 

one peak at 533 ppm (Figure 2-14), which can be assigned to mixture of 4-coordinated 
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species, CdS4 and CdS4O, with CdS4 as dominant species. The EXAFS spectrum of 

solution G2 was well modeled (see Table 2-6) by 4 Cd-S bonds with mean distance of 

2.53 0.02 Å . Comparing this result to the EXAFS of this solution measured at 160-170 

K and 200 K, it shows that as the temperature decrease from 298 K to 160 K, the 

coordination number increases from 4 to 6, which is also consistent with a change in Cd-

S bond distance from 2.53 at room temperature to 2.75 Å at 160-170 K. 

 

2.3.4 X-ray Absorption Near Edge Structure of Cd(II)-thiourea Solutions at room 

temperature 

Figure 2-16 shows Cd LIII-edge XANES spectra of model compounds containing 

O and S ligands (i.e., CdO6, CdS4O2, CdS6, CdS3O, and CdS4) and Cd(II)-thiourea 

solutions (TU / Cd(II) ratios = 1.0 – 10.0). Cd LIII-edge X-ray absorption spectra are 

sensitive to changes in coordinating atom (i.e., O vs. S) and geometry or symmetry of the 

complex, therefore comparison of the corresponding spectra with reference models will 

help to confirm the coordination of Cd(II)-thiourea complexes in solutions. As was 

shown in the corresponding 2
nd

 derivative of the XANES spectrum of reference models 

with high O coordination, a clearly resolved feature appears at 3567.5 eV, the minima 

position change to area around 3560.5 eV for CdS4O2, CdS6. As the coordination 

environment changed to tetrahedral species (CdS3O, and CdS4) the main minima appear 

at 3539.0 eV with smaller feature at 3541.0 eV, which is more obvious for CdS4 model. 

In comparison, the corresponding 2
nd

 derivative of tetrahedral reference models (CdS3O, 
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and CdS4) and Cd(II)-thiourea solutions (A2 – G2) at room temperature shows high 

similarities in the observed features.  

These similarities indicate the presence of mainly tetrahedral species in solutions F2 

(TU / Cd(II) = 8.0) and G2 (TU / Cd(II) = 10.0), which support the results obtained from 

EXAFS and 
113

Cd NMR measurements at room temperature. 

 

 

Figure 2-16 (A) Cadmium LIII-edge XAS of cadmium(II) perchlorate hydrate 

Cd(ClO4)26H2O (CdO6 model), tetrakis(N,N-dimethylthioformamide) 

bis(trifluoromethanesulfonato) cadmium(II) [Cd(SCHN(CH3)2)4(O3SCF3)2] (CdS4O2 

model), hexakis(N,N-dimethylthioformamide) cadmium(II) perchlorate 

[Cd(SCHN(CH3)2)6](ClO4)2 (CdS6 model), imidazolium tris(thiosaccharinato)aqua 

cadmate(II) (HIm)[Cd(tsac)3(H2O)] (CdS3O model), cadmium adamantane cage 

(Et3NH)4-[S4Cd10(SPh)16] (CdS4 model) and Cd(II)-thiourea solutions A2 – G2 at room 

temperature, and (B) corresponding smoothed second derivatives; dotted lines correspond 

to 3539.2 eV and 3541.3 eV. 
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2.4 Conclusion and Future Work 

Based on a combination of Cd K-edge EXAFS, and 
113

Cd NMR spectroscopy, the 

speciation in 0.1 M Cd(II)-selenourea with different selenourea concentrations at a 

temperature around 200 K have been structurally characterized. Due to the unstable 

nature of selenourea solutions, the limited number of studies focused on the coordination 

environment in these systems, and to the best of our knowledge, there is no extended 

study on the possible coordination number of this ligand with Cd(II) in solution. 

For Cd(II)-selenourea, at lower ratios a mixture of species with major amount of 

octahedral species (CdSeO5, CdSe2O4, CdSe3O) and a minor percentage of tetrahedral 

species (CdSe4) were found, as selenourea concentration increases, the equilibrium 

moves toward tetrahedral species, CdSe4, which confirmed to be the only species in the 

solution E1 (SeU / Cd(II) = 5.0). From Cd K-edge EXAFS spectroscopy of Cd(II)-

selenourea in methanol solution containing 0.1 M Cd(II) and 0.5 M SeU, the presence of 

tetrahedral 4CdSe  species was confirmed with Cd-Se bond distance of 2.64  0.02 Å. 

113Cd  NMR measurements of this solution show a single sharp peak at 573 ppm, which 

is in agreement with reported 4CdSe  values (see Table 1-5). Attempt to investigate the 

coordination environment of ratios higher than 5.0 failed due to saturation and 

crystallization of excess selenourea in the NMR tube. 

 To make a comparison between coordination of Cd(II) with selenourea and 

thiourea, we studied a series of similar Cd(II)-thiourea solutions. These studies reveal the 

differences between coordinating character of selenourea and thiourea ligand, which 

shows the ability of thiourea to form higher coordination number complexes with Cd(II) 
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than selenourea under similar conditions. Despite the above mentioned fact, Cd(SeU)O5 

and Cd(TU)O5 and also Cd(SeU)2O4 and Cd(TU)2O4 show similar peak positions due to 

the high contribution of O coordination. 

113Cd  NMR of Cd(II)-Thiourea solutions 2 2A G  (thiourea/Cd(II) ratio 1.0-10.0) 

were measured showing a mixtures of species with major octahedral species of CdSO5, 

CdS2O4, CdS3O3 at lower ratios (solutions A2 – C2) which shifted to CdS4O and CdS4 

species in higher thiourea ratios (solutions D2 and E2), the 113Cd  NMR peaks at 515 ppm 

and 506 ppm, respectively are in agreement with the value obtained from solid state 

113Cd  NMR measurements of Cd(SCN2H4)4(NO3)2 crystal at 577 ppm. Finally by 

increasing thiourea ratios to values higher than 8.0 (solutions F2 and G2), the 113Cd  NMR 

spectra moved to more shielded area indicating the presence of octahedral CdS6 species 

which shows a 113Cd  chemical shift near the value obtained for the solid state 

Cd(SCHN(CH3)2)6](ClO4)2 crystal structure at 403 ppm. The formation of CdS6 

generated an EXAFS oscillation with different phase shift than CdS4 which causes 

dumping the amplitude of overall EXAFS. 

Based on the results obtained from Cd K-edge EXAFS, Cd LIII-edge XANES, and 

113
Cd NMR spectroscopy at room temperature, Cd(II)-thiourea solutions containing 

excess thiourea form Cd(TU)4 species with Cd = 541 ppm and Cd-S bond distance of 

2.53. 0.02 Å. We confirmed that the speciation in the solution is mostly CdS4 species. 

Considering that the current study provides a library of chemical shifts for Cd(II)-

thiourea in solutions, for future studies, EXAFS and 113Cd  NMR of structurally 

important Cd-thione complexes should be measured and compared with the present 
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results. Also, Cd(II) complex formation with bulkier selenone ligands with known crystal 

structure such as (1,3-dimethyl-2(3H)-imidazoleselenone, or new Se-containing drugs 

such as Ebselen, and also their sulfur analogues should be investigated and the result 

compared with our findings to find out the effect of different variables such as ligands‘ 

size, side chains, or nature of donor atoms on coordination chemistry of Cd(II) ions or 

other heavy metals such as Hg(II) and Pb(II). 
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Chapter Three: Structure of Cadmium (II) N-Acetylcysteine Complex 

3.1 Introduction 

Cadmium exposure causes hepatotoxicity and nephrotoxicity. The main target 

organs of cadmium are the liver and, to some extent, kidneys and other tissues. One of 

the detoxification mechanisms in the body is the formation of a nontoxic CdMT (MT = 

metallothionein) complex in the liver. Metallothionein is a cysteine-rich protein with 30 

% cysteine (20 aminoacids residues out of the 60 are cysteines). Stored CdMT is later 

transferred to the kidneys. Cadmium toxicity happens when there is not enough MT to 

prevent cadmium from binding to thiol groups of other proteins, including enzymes. 

There are also reports on an increase in tissue glutathione (GSH) levels when cadmium 

exposure happens.
143

 

The chelating property of N-acetylcysteine (NAC) in excreting toxic metals has 

been studied by different groups. Ottenwälder and co-workers
144

 showed that using N-

acetylcysteine increases the excretion of Pb, Cd, and Au, but has no effect on Hg. 

Another study by Shaikh and co-workers
145

 showed that N-acetylcysteine can affect Cd-

induced nephrotoxicity and heptatotoxicity through one or more of the following 

processes: 1) by reducing CdMT release from the liver by either forming a complex with 

cadmium directly or by acting as a radical scavenger, 2) by providing cysteine for 

glutathione synthesis. 

Understanding the nature of complexes formed between free Cd(II) ions in 

extracellular media is the purpose of this part of our study. This investigation follows the 

previous studies in our group, which were focused on structural studies on Cd(II) 
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complex formation with natural ligands such as cysteine and glutathione
146

, or drugs such 

as penicillamine.
147

  

In this Chapter, complex formation between 0.1 M Cd(II) and NAC in aqueous 

solution was studied. The effect of changing pH (7.5 and 11.0) on the speciation in 

solution was investigated using different ligand concentrations (Cd(II)-NAC L / M = 2.0 

to 20.0) at room temperature (RT) 298 K. This study was carried out using different 

methods, i.e., Cd K- and LIII-edge XAS, 113Cd  NMR, as well as ESI-MS. The reason for 

choosing a rather high concentration of Cd(II) is to enable 
113

Cd NMR studies of these 

solutions. 

 

Figure 3-1 Fraction diagram of Cd(II)-N-acetylcysteine complexes in aqueous solution 

as a function of pH at [Cd
2+

] = 0.1 M and [NAC
2-

] = 0.2 M.
14,21,148
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Table 3-1 Stability constants for 2Cd   complexes with N-acetylcysteine (NAC).
148

 

log  

Cd(NAC) [Cd(NAC)2]
2-

 [Cd(NAC)3]
 4-

 [Cd3(NAC)4]
 2-

 

7.05 13.49 17.41 35.53 

 

The stability constants for cadmium complexes of N-acetyl cysteine
148

 are shown in 

Table 3-1. 

The fraction diagram of Cd(II)-N-acetylcysteine complexes in aqueous solution is 

shown in Figure 3-1. This diagram is more accurate at low concentrations because the 

stability constants were measured at [Cd
2+

]  1 mM and there is a limitation in estimating 

the number of coordinating ligands especially with ligands that have two or more 

coordinating functional groups.
149

  

Based on the fraction diagram of N-acetylcysteine (Figure 1-5), it is obvious that 

near physiological pH (pH = 7.5) the thiol group is only slightly deprotonated. However, 

in the presence of heavy metals such as mercury, cadmium, or lead, there is a competition 

between H
+
 and these M

2+
 ions to coordinate to the sulfur atom, leading to M-NAC 

coordination. Under alkaline conditions (pH = 11.0), the thiol group is fully deprotonated 

and, therefore, there is a higher possibility for species with higher coordination to form.  
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3.2 Experimental Methods 

3.2.1 Sample Preparation  

In order to avoid N-acetylcysteine oxidation, all samples were prepared under 

inert atmosphere using oxygen-free boiled water. Cadmium perchlorate hexahydrate 

Cd(ClO4)2.6H2O, sodium hydroxide, and N-acetylcysteine were purchased from Sigma 

Aldrich and used without further purification. The pH of the solutions was measured 

using a Corning semi-micro electrode. 

3.2.2 Synthesis of Cd(II)-N-Acetylcysteine 100 mM Solutions in Water 

Solutions containing  Cd II
C ~100 mMwere synthesized by dissolving N-

acetylcysteine (2.0 - 20.0 mmol) in 2O free  water, followed by the addition of 

4 2 2Cd(ClO ) .6H O  (1.0 mmol) while stirring. Seven solutions with NAC / Cd(II) molar 

ratios of 2.0 (A1), 3.0 (B1), 4.0 (C1), 5.0 (D1), 10.0 (E1), 15.0 (F1) and 20.0 (G1) were 

prepared at pH = 11.0 (see Table 3-2); in order to adjust the pH of the solutions, sodium 

hydroxide solution was used. The same method was used to synthesize seven solutions 

with NAC / Cd(II) molar ratios of 2.0 (A2), 3.0 (B2), 4.0 (C2), 5.0 (D2), 10.0 (E2) 15.0 (F2) 

and 20.0 (G2) at pH = 7.5. For the 113Cd NMR measurements, all of the above solutions 

contained ~10 % 2D O . For all above mentioned solution the total volume was 10.0 mL.  
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Table 3-2 Composition of Cd(II)-N-acetylcysteine solutions. 

Solution (pH = 11.0) Solution (pH = 7.5) [Cd
2+

] (ppm) L / M 

A1 A2 100 2.0 

B1 B2 100 3.0 

C1 C2 100 4.0 

D1 D2 100 5.0 

E1 E2 100 10.0 

F1 F2 100 15.0 

G1 G2 100 20.0 

I1 I2 500 2.0 

A1 A2 10 2.0 

B1 B2 10 3.0 

C1 C2 10 4.0 

D1 D2 10 5.0 

 

In order to investigate the metal complex formation with N-acetylcysteine, 

combination of the following spectroscopic methods were used: 

3.2.3 113
Cd NMR Spectroscopy 

113  Cd  NMR spectra of Cd(II)-NAC solutions A1 – G1 and A2 – G2 were recorded 

at 298 K and a resonance frequency of 88.6 MHz using a Bruker DRX400 spectrometer 

(9.4 T). A 0.1 M solution of Cd(ClO4)2·6H2O in D2O was used as the external reference 

at room temperature and the chemical shift calibrated to 0.0 ppm.
150

 A 60° pulse program 

(zgdc) was used with a sweep width between -50 to 750 ppm using a 5 mm broad band 

(BBO) probe with a two second delay. The NMR spectrum for 0.5 M Cd(II)-N-

acetylcysteine solution NAC / Cd(II) = 2.0 (I1, pH = 11.0) was measured at different 

temperatures (288 K, 298 K, 310 K, 320 K, 330 K, and 341 K). 
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3.2.4 X-ray Absorption Spectroscopy Data Collection 

Cd K-edge X-ray absorption spectra were collected using beamlines 7-3 at the 

Stanford Synchrotron Radiation Lightsource (SSRL) with storage ring operating with 150 

- 200 mA current at 3.0 GeV. Ion chambers 0I , 1I  and 2I  were filled with Ar gas. 

Spectra for solutions 1A  - 1G  and 2A  - 2G  were measured in transmission mode. These 

solutions were held in 5 mm Teflon spacer with 5 m  polypropylene films as window 

material. Harmonic rejection was achieved by detuning the Si (220) double crystal 

monochromator to 50 %  of the maximum 0I intensity at the end of the scan (27735 

eV). The energy of the X-rays was calibrated by assigning the first inflection point of a 

Cd foil to 26711 eV. Either 2 or 3 scans were collected and averaged. Cd IIIL -edge 

XANES spectra for solutions 1A - 1G  (pH = 11.0) were measured in fluorescence mode 

using a PIPS solid state detector on BL 4-3 at SSRL. Ion chamber 0I was filled with He 

gas. Solutions containing Cd(II)C 100mM  ( 1A - 1G ,pH = 11.0) were held in 2 mm Teflon 

spacer with 5 m  polypropylene film as window material. Higher harmonics from Si 

(111) double crystal monochromator were rejected with a nickel and rhodium coated 

mirror. The energy was calibrated by assigning the first inflection point of a cadmium foil 

to 3537.6 eV. Either 2 or 3 scans were collected for each sample. 

3.2.5 X-ray Absorption Spectroscopy Data Analysis 

Cd K-edge X-ray absorption data were calibrated and averaged using the 

EXAFSPAK program.
90

 Individual scans were overlapped before averaging the scans, to 

ensure that no radiation damage had occurred. The EXAFS oscillations were extracted 

using the WinXAS 3.1 program.
91

 The background in the pre-edge region was removed 
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using a first order polynomial. This was followed by normalization of the edge (in order 

to delete the effect of sample concentration and thickness), then conversion of the energy 

into k-space, where 2 2

e 0k [(8 m /h )(E E )]   , using a threshold energy 

of 0E 26710.0 26710.6 eV  . Above the edge the atomic background contribution was 

removed by subtracting a 7-segment cubic spline. The (k)  models were constructed by 

means of ab initio calculation of the effective amplitude function eff i( )f k , the total 

phase-shift ij( ) k , and photoelectron mean free path ( ) k , using the FEFF 8.1 program. 

The atomic coordinates of the crystal structure of imidazolium aqua-

tris(thiosaccharinato)-cadmium(II) with 3CdS O geometry was used as a FEFF model 

(Figure 3-2). 

Cd-O 2.3043 Å

Cd-S 2.5315 Å

 

Figure 3-2 Structure of Cd((tsac)3(H2O) (tsac = anion of thiosaccharine) used as a FEFF 

model to simulate EXAFS spectra
151

. 
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The structural parameters of the model function were refined by least squares 

curve-fitting to the 3k -weighted experimental EXAFS data using the Win XAS 3.1 

program, by fixing the 2

0S  ( 0.87 ), and/or N, allowing R, 2 , and 0E to float. The 

estimated error of the refined Cd-S coordination numbers, bond distances and disorder 

parameters are within 20%,  0.02Å  , and 20.001 Å , respectively. Due to the 

difficulty in separating the lighter Cd-(O/N) contribution in the presence of heavier 

scatterers (like sulfur), the obtained results for structural parameters are less accurate, 

with the estimated error of the bond distances within 0.04 Å , and 20.003 0.005 Å  for 

the disorder parameters.
146

 

 

3.3 Result and Discussion 

 

3.3.1 113
Cd NMR Spectroscopy of Cd(II)-N-Acetylcysteine Solutions at pH = 11.0 

There are two possibilities for N-acetylcysteine coordination to cadmium: it can 

either coordinate through oxygen of the carboxylate group or sulfur of the thiolate group. 

Coordination through sulfur will show more deshielding than through oxygen.
152

 The 

deshielding trend for 113Cd  is S > N > O, where S is the most deshielding.  

113
Cd NMR spectra of solutions B1 – G1 are shown in Figure 3-3 and Figure 3-4. 

The changes in the chemical shift suggest the existence of different species in the 

solution. No 113Cd  NMR signal could be obtained for solution 1A  (after more than 72 

hours of measurement) at room temperature. This may be because of the low 
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concentration of species and/or fast exchange between different species existing in the 

solution.  

For 0.1 M Cd(II)-NAC solution 1B  L / M = 3.0 (Figure 3-3), a broad peak was 

observed at 630 ppm; this peak is related to the CdS3O as a dominant species. CdS3O3 is 

much more shielded also Cd(Pen)3 appeared at 607 ppm, therefore a mixture of CdS3O 

and CdS4 in intermediate ligand exchange is more feasible. 

For solution 1C  (L / M = 4.0), a sharper signal at 659 ppm was observed (Figure 3-3), 

which is shifted more toward the CdS4 chemical shift region, although the broadness of 

the peak and the chemical shift position may be related to a mixture of CdS3O and CdS4 

species. For Cd(II)-NAC solutions 1 1D G , L / M>4.0, a sharp signal around 677 ppm 

indicates that the dominant species is a CdS4 
115 

coordinated environment. 

. 

Table 3-3 
113

Cadmium chemical shifts for various thiolate coordination environments. 
147, 153

 

Coordination environment Chemical Shift (ppm) 

CdS4 (mono nuclear) 650, 680, 704-751 

CdS4 (multi nuclear) 600-707 

CdS3 572,
 
684-690 

CdS3O 560-645 

CdS3O3 391-409 
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Figure 3-3 113Cd  NMR spectra of 0.1 M Cd(II)-NAC solutions 1 1B G  at pH = 11.0 and 

298 K. 

In order to observe a 113Cd  NMR signal for solution 1A , the temperature was 

raised to 341 K. The spectrum shows a signal at 487 ppm (Figure 3-4). In order to 

understand the nature of species present in A1 ( = 487 ppm), a 0.5 M solution (I1) of 

Cd(II)-NAC with L / M ratio = 2.0 was synthesized and corresponding 
113

Cd NMR 

spectra were measured at variable temperature. By decreasing the temperature to 288 K, 

three peaks appeared for solution 1I  that become more obvious at 423, 585, and 643 ppm, 

that can be related to CdS3O3, CdS3O (S = thiolate, O = hydroxyl, carboxylate or aqua) 

and CdS4 coordination sites respectively. The reported chemical shifts in literature are 

usually based on RT measurements. The 113Cd  chemical shift is temperature dependent 
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because of the effects on the dynamic exchange processes. Considering the NAC / Cd(II) 

ratio = 2.0, formation of complexes with CdS3O3, CdS3O, and CdS4 requires multinuclear 

complexes with single Cd-S-Cd bridging groups. By increasing the temperature from 288 

K to 341 K for solution 1I , a broad peak around 515 ppm was observed that is in the 

region between CdS3O3 and CdS3O, showing a possible balance between these two 

species or just an average of three signals at 288 K. Comparison between 113Cd  NMR of 

solution 1A  and 1I  at 341 K shows a difference of 27 ppm in chemical shift. Since 

chemical shift for 1I  is slightly more deshielded, this might be due to less concentration 

of CdS3O3 in I1 relative to A1. 

 

Figure 3-4 
113Cd NMR spectra for Cd(II)-NAC solutions 1A  and 1I  at pH = 11.0 
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3.3.2 Extended X-ray Absorption Fine Structure of Cd(II) N-Acetylcysteine Solutions 

at pH = 11.0 

The EXAFS spectroscopy results (Figure 3-5) showed an average Cd-S bond 

distance of 2.53(2) Å for Cd-NAC in solutions 1 1A G .  

 

 

Figure 3-5 (Left)Cd K-edge EXAFS least-squares curve fitting of 0.1M Cd(II)-NAC 

solutions 1 1A G at pH = 11.0 and (Right) their corresponding Fourier-transforms. 
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Table 3-4 EXAFS curve-fitting results for Cd(II)-NAC solutions 1 1A – G  at pH = 11.0. 

Solution Path C.N. R(Å) σ
2
(Å

2
) Residual 

A1 
Cd-S 

Cd-O 

3.2 

1.1 

2.53 

2.31 

0.0066 

0.0062 
15.0 

B1 Cd-S 

Cd-O 

3.0f 

1.2 

2.53 

2.35 

0.0067 

0.0037 

9.7 

C1 

Cd-S 4.0f 2.52 0.0058 14.8 

Cd-S 

Cd-O 

2.9 

1.2 

2.53 

2.33 

0.0041 

0.0066 9.59 

D1 Cd-S 4.2 2.53 0.0053 9.1 

E1 Cd-S 4.0 2.53 0.0049 14.5 

F1 Cd-S 4.1 2.53 0.0050 9.2 

G1 Cd-S 4.2 2.53 0.0053 10.0 

A survey of Cd-S bond distances in compounds with known crystal structures in 

the Cambridge Structural Database (CSD)
33

 reveals the average Cd(II)-thiolate bond 

distance for different octahedral (CdS6, CdS4O2, and CdS3O3) and tetrahedral (CdS4 and 

CdS3O) coordination (Table 3-5).
33

 

Table 3-5 A survey of Cd(II)-S bond distance available in CSD for thiolate 

complexes.
33

 

Coordination 

Environment 

Cd-O R(Å) 

distance 

range 

Cd-O R(Å) 

average 

Cd-S R(Å) 

distance 

range 

Cd-S R(Å) 

average 

CdSO6 2.36-2.67 2.42 2.77 2.77 

CdS2O4 2.37-2.41 2.39 2.62 2.62 

CdS3O3 2.29-2.75 2.50 2.54-2.60 2.57 

CdS3O 2.30 2.30 2.49-2.57 2.53 

CdS4   2.52-2.61 2.55 

CdS6   2.69-2.73 2.71 

 

The EXAFS spectra of the Cd(II)-NAC solution 1A  and 1B  were modeled to 1 

Cd-O and 3 Cd-S bonds with the mean distances of 2.33 ± 0.04 Å and 2.53 ± 0.02 Å, 
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respectively. In the presence of sulfur (a heavier backscatterer), the presence of oxygen (a 

lighter backscatterer) is harder to detect. The large 
2
 value, 0.006 ± 0.001 Å

2
 (Cd-S), 

indicates the distribution of Cd-S distances. 

The average Cd-S bond distance in B1, 2.53 Å, indicates tetrahedral species in 

solution, with the possibility of CdS4 and CdS3O coordination environments. This is in 

agreement with Cd = 659 ppm (Figure 3-3). As was shown by both 113Cd  NMR and 

EXAFS measurements, there is a mixture of species, mainly CdS3O and CdS3O3, which 

is the reason for broader peaks at lower ratios in the 
113

Cd NMR spectrum.  

As it was shown in Table 3-4, with the S0
2
 factor fixed at 0.9 (the fixed value for 

S0
2 

obtained from curve fitting of standard models), the results show that the Cd-S 

coordination number increases as the N-acetylcysteine concentration increases. By 

combining 113Cd  NMR chemical shifts with EXAFS bond distances, we can have a 

better idea of what the Cd-S coordination number is. As shown in Figure 3-5, the increase 

in the amplitude of the FT for solutions 1 1A G  shows an increase in the Cd-S 

contribution as the ligand to metal ratio increases from 2.0 to 20.0. Also, the Cd-S 
2
 

decreases from 0.0066 Å
2 

to 0.0052 Å
2
, indicating the presence of a dominant species. 

Presence of tetra thiolate CdS4 complex can be confirmed with Cd LIII-edge. 

3.3.3 X-ray Absorption Near Edge Structure of Cd(II) N-Acetylcysteine Solutions at 

pH = 11.0 

The Cd LIII-edge X-ray absorption near edge structure (XANES) region is 

sensitive to the type of coordination environment around the absorbing atom. Cd LIII-

edge spectra of several Cd complexes with known structure were previously measured in 
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our group (Figure 3-6) and demonstrate the sensitivity of Cd LIII-edge to coordination 

chemistry. In the case of the octahedral CdO6 species, it can show a pre-peak at 3534.9 

eV.
154

 

 

Figure 3-6 (Left) Cadmium LIII-edge XANES and (Right) corresponding second 

derivatives of (CdO6), Cd(ClO4)2.6H2O; (CdS3O3), [Ph4P][Cd(SCO(CH3))3]; 

[CdS2O4(II)], [Cd(tu)2(NO3)2]; [CdS2O4(I)], [Cd(tmtu)2(NO3)2] tmtu = tetramethyl 

thiourea; (CdS6), [Cd(SCHN(CH3)2)6](ClO4)2; (CdS3N2), [Cd(SCH2CH2NH2)2]; 

(CdS2N2), [Cd(tsac)2(Im)2] Im = imidazole; (CdS3O), (HIm)[Cd(tsac)3(H2O)] tsac = 

thiosaccharinato; and (CdS4), (Et3NH)4[S4Cd10(SPh)16].
155

 Dotted lines are at 3539.1 and 

3541.3 eV. 
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Figure 3-7 (Left) Cadmium LIII-edge XANES spectra Cd(II)-NAC solutions 1 1A G  and 

(Right) corresponding smoothed second derivatives. 

In the tetrahedral CdS3O model, having oxygen coordination gives rise to some 

features in the edge region; in the case of CdS4 that has only sulfur coordination, the edge 

is smoother with fewer features (Figure 3-7). The differences between these structures are 

more obvious in their second derivative. In the octahedral model (CdS2O4), only one 

minimum is observed in second derivatives, while in the tetrahedral models, an additional 



98 

 

minimum appears in the region near 3541 -3543 eV, specifically at 3540.9 eV in the 

CdS4 model. There is an obvious difference between second derivatives of the CdS4 and 

CdS3O models. 

Cd IIIL -edge of Cd(II)-NAC 1 1C G  solutions show more similarity to the CdS4 

model than the CdS3O and based on the 113Cd  NMR of these solutions, it seems that the 

dominant species in these solution is CdS4. 

3.3.4 113
Cd NMR Spectroscopy of Cd(II)-N-Acetylcysteine Solutions at pH = 7.5 

For 0.1 M Cd(II)-NAC solutions at pH = 7.5, 
113

Cd NMR signal could be only 

observed at RT for solutions D2-G2 with NAC / Cd(II) ratios of 5.0-20.0, over the range 

of 629 - 659 ppm. Chemical shift for G2 (L / M = 20.0, pH = 7.5) is the same as solution 

C1 (L / M = 4.0, pH = 11.0), i.e. 659 ppm. This means that both solutions have similar 

Cd(II) speciation, and free thiolate concentration. Free ligand N-acetylcysteine is mainly 

present as HNAC
-
 at pH = 7.5 and only small percentage of it is in NAC

2-
 form. (Figure 

1-5). At L / M < 5.0, the presence of different species (e.g. CdS3O3, CdS3O, and CdS4 as 

observed for 
113

Cd NMR of solution I2 at 288 K; Figure 3-4) causes broadening of the 

113
Cd NMR signal and therefore no signals were observed at RT. 
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Figure 3-8 
113Cd  NMR spectra of 0.1M Cd(II) - NAC solutions 2 2D G  at 298 K (L / M 

mole ratio = 5.0 – 20.0 at pH = 7.5). 

The broad NMR peak for solution 2D  reveals the presence of a mixture in the 

solution, which, based on chemical shift (629 ppm), shows the presence of major CdS3O 

and minor CdS4 species. Increasing the L / M ratio causes the the NMR peaks to become 

sharper and shift to higher chemical shift values (Figure 3-8) indicating an increase in the 

possibility of the formation of CdS4 species. This indicates that as the concentration of 
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NAC
2-

 increases, there is a higher thiolate concentration in the solution and higher 

possibility of tetrathiolate Cd(NAC)4 formation. Comparison between the NMR spectra 

of solutions 1 1D G  in Figure 3-3 and 2 2D G  in Figure 3-8 indicates that in the first 

series (pH = 11.0), a sharp NMR signal at 677 ppm proved that the only species present 

in those solutions is CdS4, while in the latter (pH = 7.5), the broad NMR peak in more 

shielded regions shows the presence of CdS3O and CdS4 geometries. 

In aqueous solution, for Cd(II) - N-acetylcysteine complexes, potentiometric 

titrations for 1 mM Cd
2+ 

solutions have confirmed the existence of [Cd(NAC)3]
4-

, 

[Cd(NAC)2]
2-

, and [Cd(NAC)] at [Cd
2+

] = 0.1 M.
14

 However, in the current study 113 Cd
  

is considerably deshielded for having CdS2O4 as [Cd(NAC)2]
2- 

or CdSO5 as [Cd(NAC)] 

complexes in solution. 

However our 113Cd  NMR studies show the possibility of [Cd(NAC)4]
6-

 species in 

these systems. According to our studies increasing the ligand concentration in these 

solutions at both pH values studied (pH = 7.5 and 11.0), increases the possibility of 

higher S-coordination in the Cd(II)-NAC system. 
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3.3.5 Extended X-ray Absorption Fine Structure of Cd(II) N-Acetylcysteine Solutions 

at pH = 7.5 

 

Figure 3-9 (Left) EXAFS fitting of 0.1M solution of Cd(II)-NAC solutions 2 2A G  at 

pH = 7.5 and (Right) their corresponding Fourier-transforms. 

Table 3-6 EXAFS curve-fitting results for Cd(II)-NAC solutions 2 2A – G  (pH = 7.5). 

Solution Path C.N. R(Å) σ
2

(Å
2

) Residual 

A2 

 

Cd-S 

Cd-O 

2.94 

1.0 

2.52 

2.25 

0.0057 

0.011 
8.8 

Cd-S 3.7 2.51 0.0072 10.3 

B2 

 

Cd-S 

Cd-O 

3.8 

0.05 

2.51 

2.11 

0.0066 

0.0077 
10.6 

Cd-S 3.7 2.51 0.0063 12.1 

C2 

Cd-S 3.6 2.51 0.0061 11.1 

Cd-S 

Cd-O 

3.0f 

1.0f 

2.53 

2.35 

0.0065 

0.0023 
11.7 

D2 Cd-S 3.8 2.52 0.0063 9.5 

E2 Cd-S 3.8 2.52 0.0058 11.4 

F2 Cd-S 3.9 2.52 0.0059 9.3 

G2 Cd-S 4.0 2.52 0.0058 9.3 
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Cd K-edge spectra of solution A2 – G2 were measured at RT. The result (Table 

3-6) showed an average Cd-S bond distance of 2.52 ± 0.04 Å for Cd-S and 2.25 ± 0.02 Å 

for Cd-O, which is in agreement with the reported values for 3CdS O . Appendix A1 

shows different bond distances for Cd-S and Cd-O based on the coordination 

environment. These bond distances are used to confirm the coordination number around 

the Cd(II) ion. 

The large 2  value (0.007 ± 0.0002 Å
2
) for the Cd-S bond in solutions A2 and B2 

indicates the possibility of having a distribution in Cd-S bond distance. In solutions with 

ligand to metal ratios higher than 5.0, the 113Cd  NMR signal position shows a mixture of 

species with an increase in the proportion of 4CdS  species. 

The same phenomena that happens in the amplitude of FT for solution at pH = 11.0 

(see Figure 3-5), was observed for solution at pH = 7.5 (Figure 3-9) showing that as the 

ligand to metal ratio increases, a higher contribution of Cd-S bonds is observed. 
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Figure 3-10 
1
H NMR spectra of 10 mM CdNAC solution A1 - D1 (pH 11.0) and A2 - 

D2 (pH 7.5) with NAC / Cd(II) = 2.0 – 5.0, comparing with free N-acetylcysteine. 
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As shown in Figure 3-10, the comparison between 
1
H NMR spectra of 0.01 M 

Cd(II)-NAC solution and free N-acetylcysteine was made. As was mentioned before 

cadmium coordination to carboxylate group and thiolate group of N-acetylcysteine 

increases at pH > 3.5 and 9.0, respectively. The 
1
H NMR spectra of Cd(II)-NAC 

solutions are somewhat broader than free N-acetylcysteine because of exchange between 

coordinated and free N-acetylcysteine molecules. Additionally, the 
1
H NMR spectra 

showed that peak position of protons (i.e., Hb and Hc) near the N-acetylcysteine 

functional groups (i.e., carboxylate and thiolate) became more shielded upon complex 

formation.  

3.4 Conclusion and Future Work 

Based on potentiometric studies,
19,148

 the  
3

Cd NAC
4-

 complex, which has a high 

formation constant, is the highest reported coordination number in Cd(II)-N-

acetylcysteine complex formation. A previous study in our group
147

 showed that 

penicillamine cannot act as an effective chelator for cadmium removal due to its inability 

to form 4-coordinated 4CdS species. N-acetylcysteine appears to have the ability to form 

 
4

Cd NAC 6-
 with average Cd-S bond distance of 2.53  0.02 Å. Based on the following 

results obtained from 113Cd NMR and XAS spectroscopy, we confirmed the formation 

of four-coordinated  
4

Cd NAC 6-
.  

Cd(II) complexation with N-acetylcysteine at pH = 7.5 and pH = 11.0 and [Cd
2+

] = 

0.1M shows the formation of 4Cd(NAC) 6-
 species at high free ligand concentration. This 

is the first report of this Cd(II) tetrathiolate complex with N-acetylcysteine. In Cd(II)-

NAC solutions with L / M < 3.0 at pH = 11.0, a mixture of CdS3O3, CdS3O, and CdS4 
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coordination sites within an oligomeric species with single thiolate bridges would be 

expected. As the ligand concentration increases, 4CdS  species concentration increases, 

which causes the NMR signals to shift to more deshielded regions. At pH = 7.5, less free 

thiolate ligand is present and therefore a mixture of CdS3O and CdS4 is formed even at 

very high N-acetylcysteine concentrations.
156

 

For future studies, the complex formation of N-acetylcysteine with lower 

concentrations of cadmium and under biological conditions and should be studied. This 

can be accomplished using XAS spectroscopy (Cd K-edge and Cd IIIL -edge) to 

determine if the Cd speciation changes significantly when the Cd concentration change to 

lower values. Since one of the limits of 113Cd  NMR is concentration, XAS spectroscopy 

will be helpful at lower Cd concentration studies. These methods can be developed to 

investigate in vivo reactions of cadmium with N-acetylcysteine in the presence of other 

thiol-containing groups such as metallothionein, and glutathione. 
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Appendix A-1 Survey of Cd(II) complexes with thione (CdS4, CdS3O, CdSO6, CdS2O4, 

CdS3O3, and CdS6) ligands in CSD version 5.30 (November 2008). 

CdS4 

 CSD Code Cd-S (Å) 

1 
AYABIL 

 

2.534 

2.532 

2.549 

2.553 

2 CAFMEC 

2.528 

2.516 

2.563 

2.526 

3 
CAGSEI 

 

2.517 

2.562 

2.564 

2.496 

4 
GUFHIZ 

 

2.541 

2.541 

2.541 

2.541 

5 
MAKVAV 

 

2.525 

2.574 

2.530 

2.611 

6 
MAKVAV01 

 

2.534 

2.552 

2.506 

2.582 

7 
XANHOJ 

 

2.569 

2.569 

2.569 

2.569 

 
Range 

Average 

2.516 – 2.611 

2.546 
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Appendix A-1 (continued) 

 

CdS3O 

 CSD Code Cd-S (Å) Cd-O (Å) 

1 UKOTIX 

2.573 

2.529 

2.493 

2.304 

 
Range 

Average 

2.493 – 2.573 

2.532 
2.304 

 

 

CdSO6 

 CSD Code Cd-S (Å) Cd-O (Å) 

1 
GECZOD 

 
2.415 

2.674 

2.276 

2.259 

2.360 

2.362 

2.561 

 
Range 

Average 
2.773 

2.360 – 2.674 

2.415 

 

 

CdS2O4 

 CSD Code Cd-S (Å) Cd-O (Å) 

1 
KASWOQ 

 

2.617 

2.617 

 

2.374 

2.374 

2.408 

2.408 

 
Range 

Average 
2.617 

2.374 – 2.408 

2.391 

 

 

CdS3O3 

 CSD Code Cd-S (Å) Cd-O (Å) 

1 
NEMJEU 

 

2.572 

2.536 

2.602 

2.291 

2.446 

2.752 

 
Range 

Average 

2.536 – 2.602 

2.570 

2.291 – 2.752 

2.496 
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Appendix A-1 (continued) 

 

CdS6 

 CSD Code Cd-S (Å) 

1 
RASQEH 

 

2.714 

2.714 

2.686 

2.686 

2.734 

2.734 

 
Range 

Average 

2.686 – 2.734 

2.711 
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Appendix A-1 (continued) 

C.N. Structure Bond Distances CSD Code 

CdS4 

 

Cd-S -2.5339(27) 

Cd-S -2.5317(26) 

Cd-S -2.5494(24) 

Cd-S -2.5527(23) 

AYABIL 

 

CdS4 

 

Cd-S -2.5284(18) 

Cd-S -2.5159(12) 

Cd-S -2.5628(12) 

Cd-S -2.5261(17) 

CAFMEC 

CdS4 

 

Cd-S -2.5171(7) 

Cd-S -2.5616(5) 

Cd-S -2.5643(7) 

Cd-S -2.4958(5) 

CAGSEI 

 

CdS4 

 

Cd-S -2.5412(13) 

Cd-S -2.5412(12) 

Cd-S -2.5412(13) 

Cd-S -2.5412(12) 

GUFHIZ 
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CdS4 

 

Cd-S -2.525(12) 

Cd-S -2.574(6) 

Cd-S -2.530(5) 

Cd-S -2.611(1) 

MAKVAV 

 

CdS4 

 

Cd-S -2.534(20) 

Cd-S -2.552(3) 

Cd-S -2.506(2) 

Cd-S -2.582(4) 

MAKVAV0

1 

 

CdS4 

 

Cd-S -2.569(4) 

Cd-S -2.569(4) 

Cd-S -2.569(4) 

Cd-S -2.569(4) 

XANHOJ 
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Appendix A-1 (continued) 

C.N. Structure Bond Distances CSD Code 

CdS3O 

 

Cd-S -2.5726(13) 

Cd-S -2.5293(17) 

Cd-S -2.4926(14) 

Cd-O -2.3043(23) 

 

UKOTIX 

 

 

C.N. Structure Bond Distances CSD Code 

CdS2O4 

 

Cd-S -2.6166(22) 

Cd-S -2.6166(22) 

Cd-O -2.3744(49) 

Cd-O -2.3744(49) 

Cd-O -2.4077(64) 

Cd-O -2.4077(64) 

KASWOQ 

 

 

 

C.N. Structure Bond Distances CSD Code 

CdS3O3 

 

Cd-S -2.5721(19) 

Cd-S -2.5356(22) 

Cd-S -2.6015(19) 

Cd-O -2.2908(44) 

Cd-O -2.4456(40) 

Cd-O -2.7517(51) 

NEMJEU 
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Appendix A-1 (continued) 

 

C.N. Structure Bond Distances CSD Code 

CdS4O2 

 

Cd-S -2.7008(11) 

Cd-S -2.6462(87) 

Cd-S -2.7008(11) 

Cd-S -2.6462(87) 

Cd-O -2.4066(156) 

Cd-O -2.4066(156) 

TEJZIR 

 

 

 

C.N. Structure Bond Distances CSD Code 

CdS6 

 

Cd-S -2.6980(101) 

Cd-S -2.7135(116) 

Cd-S -2.7319(33) 

Cd-S -2.6980(101) 

Cd-S -2.7135(116) 

Cd-S -2.7319(33) 

 

NEFXEB 

CdS6 

 

Cd-S -2.714(23) 

Cd-S -2.714(23) 

Cd-S -2.686(12) 

Cd-S -2.686(12) 

Cd-S -2.734(14) 

Cd-S -2.734(14) 

 

RASQEH 
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Appendix A-1 (continued) 

 

C.N. Structure Bond Distances CSD Code 

CdSO6 

 

 

Cd-S -2.773(31) 

Cd-O -2.674(27) 

Cd-O -2.276(28) 

Cd-O -2.259(23) 

Cd-O -2.360(22) 

Cd-O -2.362(18) 

Cd-O -2.561(30) 

 

GECZOD 
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Apendix A-2 Survey of Cadmium Complexes with selenone ligands in CSD version 5.30 

(November 2008). 

 

CdSe4 

 CSD Code Cd-Se (Å) 

1 
DIRFIT 

 

2.768 

2.776 

2.768 

2.776 

2 
JAMVAU 

 

2.716 

2.708 

2.708 

2.716 

3 IPZEQ 

L2.636 

2.609 

2.636 

2.609 

4 
TENYAM 

 

3.277 

2.629 

2.629 

3.277 

 
Range 

Average 

2.609 – 3.277 

2.718 
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Appendix A-2 (continued) 

 

C.N. Structure Bond Distances CSD Code 

CdSe2N4 

 

Cd-Se -2.8024(10) 

Cd-Se -2.8023(15) 

Cd-N -2.3507(91) 

Cd-N -2.3968(61) 

Cd-N -2.3968(82) 

Cd-N -2.3506(80) 

 

KIBTAR 

 

 

 

 

C.N. Structure Bond Distances CSD Code 

CdSe4 

 

Cd-Se -2.6364(13) 

Cd-Se -2.6090(15) 

Cd-Se -2.6364(13) 

Cd-Se -2.6090(15) 

 

LIPZEQ 
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CdSe4 

 

Cd-Se -2.768(12) 

Cd-Se -2.776(18) 

Cd-Se -2.768(12) 

Cd-Se -2.776(18) 

DIRFIT 

 

CdSe4 

 
 

Cd-Se -2.716(55) 

Cd-Se -2.708(7) 

Cd-Se -2.708(7) 

Cd-Se -2.716(55) 

JAMVAU 

 

CdSe4 

 

Cd-Se -2.6364(13) 

Cd-Se -2.6090(15) 

Cd-Se -2.6364(13) 

Cd-Se -2.6090(15) 

 

LIPZEQ 

CdSe4 

 
 

Cd-Se-3.277(43) 

Cd-Se -2.629(29) 

Cd-Se -2.629(29) 

Cd-Se -3.277(43) 

TENYAM 
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Apendix B- EXAFS Feff Model 

Cd-S 2.6142 Å

Cd-O 2.3970 Å

 

(Cd2S3C11N6O10H20)n used as a fitting model for Cd(II)-thiourea solution A2-C2 at 200 K 

and room temperature.  

Cd-O 2.3043 Å

Cd-S 2.5315 Å

 

Cd((tsac)3(H2O) (tsac = anion of thiosaccharine) used as a fitting model for Cd(II)-

thiourea solution D2 and E2 at room temperature. 
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Cd-O 2.4066 Å

Cd-S 2.6735 Å

 

Cd(TU)4(OReO3)2 used as a fitting model for Cd(II)-thiourea solution F2 at 200K. 

Cd-S 2.5435 Å

 

Cd(TU)4(NO3)2 used as a fitting model for Cd(II)-thiourea solutions D2 and E2 at 200 K, 

and F2 and G2 at room temperature. 
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Cd-S 2.7145 Å

 

Cd(SC3NH7)6 used as a fitting model for Cd(II)-thiourea solutions G2 at 200 K 

Cd-N 2.3735 Å

Cd-Se 2.8023 Å

  

Cd(C6N4H6)2(SeCN)2 used as a fitting model for Cd(II)-selenourea solutions A1 and B1). 

Cd-Se 2.6227 Å

 
Cd(dmise)4(PF6)2 (dmise = 1,3-dimethyl-2(3H)imidazoleselone) used as a fitting model 

for Cd(II)-selenourea solution E1. 
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Appendix C Medusa input file 

 

Medusa input file for Cd(II)-N-acetylcysteine solutions. 
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Appendix D Total number of scans collected during the 
113

Cd NMR measurements 

Cd(II)-SeU Solution δ
Cd

 No. of Scans 

1A  -22, 96, 193, 436 26000 

1B  97, 194, 436, 578 24652 

1C  97, 194, 436, 578 49995 

1D  578 4477 

E1 573 2209 

 

 

Cd(II)-thiourea Solution - LT No. of Scans 

2A  23473 

2B  46123 

2C  27128 

2D  22000 

2E  7909 

2F  5218 

2G  14000 

 

Cd-thiourea 

Coordination 
Compound 

Peak Position 

(ppm) 
Spin Rates No. of Scans 

CdS4 [Cd(TU)4](NO3)2 577 
5 KHz 

7 KHz 

20000 

20000 

CdS2O4 & 

CdS3O 

cis-[Cd(TU)2(OH2)4](SO4) and 

[Cd(TU)3(SO4)]  
148, 346 8 KHz  

CdS4O2 [Cd(SCHN(CH3)2)4(O3SCF3)2] 263 
5 KHz 

6.6 KHz 

7471 

8956 

CdS6 Cd[(SCHN(CH3)2)6](ClO4)2 403 

3KHz 

5KHz 

7 KHz 

8099 

8095 

20000 
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Cd(II)-TU Solution -RT No. of Scans 

2D  19098 

2E  4755 

2F  19362 

2G  1577 

 

Cd(II)-NAC Solution (pH = 11.0) No. of Scans 

B1 31233 

C1 28600 

D1 36293 

E1 23354 

F1 32000 

G1 31885 

 

Cd(II)-NAC Solution (pH = 7.5) No. of Scans 

D2 36164 

E2 24000 

F2 35312 

G2 34197 
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