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Chairman’s Comments 

Inorganic chemistry is a very large field to work in. It has a lot of applications in industry 

as well as in academic research. The field of inorganic chemistry is closely related to physical 

chemistry, organic chemistry, biochemistry and industrial chemistry. The reason it is related to 

these other fields of application of chemistry is that the main interests of inorganic chemists are 

the transition metals, reaction kinetics, spectroscopy and the molecular orbital approach to be 

able to understand experimental results from the point of theory. A lot of biological reactions 

take place in a cell and transition metals and their complexes are involved in these reactions as 

biological catalysts. Moreover a lot of transition metals are used for pharmacologic research to 

develop new medicines. The most famous of this application is the cis platinum complex that is 

being used for cancer drugs and its derivatives are under study by bioinorganic chemists to 

further develop more effective medicine for cancer.   

On the other hand there is a big contribution of inorganic chemistry to the industry. A lot 

of processes that involve chemical reactions in industry need transition metals and their 

complexes for the catalysis of these reactions to occur in the fastest way, and the most economic 

way. That is why a lot of catalysis research is going on to develop new catalysts for industrial 

purposes.  

Another interest of inorganic chemistry is the spectroscopy. Approaching spectroscopy 

with respect to theory is of great interest. Transition metals or some of the ligands that transition 

metals make complexes with show very interesting spectroscopic properties. Therefore their 

spectroscopic behaviors are extensively studied and the reason of the transitions taking place in 
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the spectra of these molecules is explained with the molecular orbital approach which is 

commonly used in inorganic chemistry to provide an explanation theoretically. 

As a result of being in a wide area of a research field, we were interested in both the 

industrial application of inorganic chemistry and the spectroscopic studies.  

Our research from the side of industrial application of inorganic chemistry was to do 

research to develop a new, efficient ligand system to react with lanthanide and actinide cations 

selectively to be able to separate them from each other. This is a very important task because 

every day in nuclear reactors a lot of radioactive waste is generated. These wastes are extremely 

harmful for the environment and the human health but unfortunately it can not be converted into 

a short term waste or less harmful waste since the process to achieve this goal goes through the 

selective separation of these chemically very similar metal ions from each other. A lot of 

research around the world is being done to solve this problem. Therefore we prepared a new 

ligand system and tried to see if it is going to be efficient for the industrial application. The half 

of this document involves the research on these ligand systems for the nuclear waste 

management. 

We were also interested in the spectroscopic properties of the porphyrin systems. These 

systems are biologically important systems especially with their presence in hemoglobin. In 

addition to important biological activities of these molecules, they show every interesting 

spectroscopic properties. Wide research has been going on with the spectroscopic properties of 

these molecules. Gouterman developed a theoretical explanation for the spectroscopic 

characteristics of these molecules from molecular orbital approach. Although a lot of 

spectroscopic research has been done with the simple porphyrin systems, there is not too many 

with large porphyrin systems. In order to see how the substituents affect the spectroscopic 
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properties of these molecules, in our lab large porphyrin molecules called Azuleneones were 

synthesized and experimental studies for the electronic spectroscopy of these molecules were 

performed. In order to be able to understand the interesting spectroscopic behaviors of these 

molecules we focused on working on these molecules from theoretical approach and be able to 

explain the electronic transitions taking place with respect to theory. The second half of this 

work is the detailed study of the theoretical studies of these porphyrin derivatives. 

In conclusion, this document combines more than one application of inorganic chemistry 

in detail: industrial and theoretical application. Details of the results are presented herein. 
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Separation of radioactive actinides from lanthanides in nuclear waste is important since 

transmutation of actinides in the presence of lanthanides is impossible. Nonadente ligands were 

synthesized with the introduction of unsymmetrical pyridine-2, 6-dicarboxamide groups to the 

preorganizing triphenoxymethane platform. The new incenerable ligand systems have the 

advantage of combining both the pyridine and diamide groups on one platform to work 

cooperatively for the extraction of trivalent metals from acid solutions. Ligand systems with two 

different types of triphenoxymethane platforms, lower side functionalized triphenoxymethane 

platform and upper side functionalized triphenoxymethane platform, have been synthesized. The 

results of the extraction experiments with trivalent lanthanides in 1 M nitric acid solutions reveal 

that all the ligand systems show moderate extraction of lanthanides by themselves but when the 

synergist COSAN is used, enhanced extraction behaviors are observed with lower side 

functionalized ligands except with the ligand with octyl protected platform with isopropyl groups 

as substituents. The results indicate that the solubility of the complexes forming during the 

extractions and the relative concentrations of the synergist COSAN, the extraction ligand and the 
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metal play major role for the extraction behaviours of the ligands. Also, solid state structures of 

the complexes with upper side functionalized ligand with Tm and Yb indicate the geometry 

around metal is tricapped trigonal prism as expected for the metal complex with lanthanide (III) 

ions. The synthesis of the ligands and the results of the extraction experiments are discussed 

herein. The efficiencies of the ligands are compared. 

The electronic properties of the expanded porphyrin systems, cis- and trans-azuleneone 

derivatives, were of interest and computational studies of these molecules have been performed 

at DFT level. Excited state calculations were performed with TDDFT. The calculated and 

experimental geometries for the cis- isomer were compared and the results were determined to be 

in good agreement. Calculated excited states for each of the molecules were also consistent with 

the experimental spectra of the molecules. Detailed analysis of the calculated orbitals, orbital 

energies and both the experimental and the calculated spectra of the molecules revealed that the 

cis- isomer has split Q band region due to electronic affects of the substituents and symmetry 

lowering. Also the B-band regions of both of the molecules show contributions coming from 

lower lying orbitals. Both the experimental and theoretical results reveal that both of the 

molecules are red shifted due to π- conjugation. All the details of the analysis and comparisons 

of the calculated and experimental data are discussed herein.
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CHAPTER 1 
INTRODUCTION 

1.1 Nuclear Waste  

Radioactive materials are used for different purposes and among them production of 

energy is the most important one. By using nuclear energy, electricity is produced at nuclear 

power plants.1 Today, the electricity generated with nuclear power provides 15 % of the total 

electricity generated around the world.2 The demand for energy is increasing more and more 

every day with the development of technology. Search for economic and environmentally 

friendly source of energy to replace fuel energy is underway. In this aspect, nuclear energy is a 

good candidate for future energy production.  

Nuclear energy production has one major problem to be solved. The use of radioactive 

materials causes the generation of nuclear waste. As a result, the contamination of the 

environment by radioactive materials and their negative impacts on the health of individuals is a 

growing public concern.3 Actinides (An), present in nuclear waste, are some of the most 

dangerous radioactive elements because they have long half-lives and activity. The half lives of 

the actinides range between a few hundred years and a few thousand years or more.4 Even small 

amounts of these nuclides can cause severe health hazards.3 During the decay of unstable nuclei, 

α, β, or γ rays are emitted with very high energy which can cause biological damage resulting in 

cancer5 or genetic disorders.5, 6 

Due to the potential dangers of actinides in nuclear waste, waste reprocessing is essential 

to provide both human and environmental safety.  For the reprocessing of the waste, research has 

been done for the separation of lanthanide (III) ions from chemically similar actinide (III) ions.  

 There are three major ways to manage nuclear waste: recycling of the actinides, direct 

geological disposal of the waste and long term monitoring of the waste.7 Currently, actinide 
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recycling and short term monitoring are the most common approaches used. The lifetime of 

natural and engineered barriers proposed for long term storage is under question. Therefore it 

possesses a safety threat.7   

1.2 Nuclear Incineration of Trans-Uranium Actinides: Transmutation 

The primary goal of nuclear waste reprocessing is transmutation which is the conversion of 

long-lived minor actinides (e.g. americium), into short-lived isotopes by neutron bombardment.8, 

9 During this process, energy and neutrons are released in addition to fission products. The 

fission products remain radioactive but they decay in a shorter time than the parent molecule.  

The transmutation process is very important for long term nuclear waste management. The 

success of the transmutation process requires pure targets.10 Therefore separation of trivalent 

actinides from trivalent lanthanides is necessary; otherwise the lanthanides absorb neutrons and 

prevent neutron capture by the transmutable actinides.11 

1.3 Chemical Properties of Lanthanides and Actinides  

Although transmutation provides an efficient way of converting long-lived minor actinides 

into short-lived isotopes, it is generally not applicable because trivalent actinides and trivalent 

lanthanides coexist in most nuclear waste. Efficient separation of actinides and lanthanides is a 

challenge because actinide (III) cations heavier than plutonium (Pu) are chemically similar to 

lanthanide (III) cations.  

The trivalent charge is commonly observed for most lanthanide and actinide ions except 

for the early (thorium and plutonium) actinides or the late actinide nobelium because the actinide 

5f orbitals have smaller spatial distribution and energy than the series and special distributions of 

6d, 7s, and 7p orbitals.12 The spatial distribution of actinide 5f orbitals are greater compared to 

the 7s and 7p orbitals than the spatial distribution of the lanthanide 4f orbitals with respect to the 

6s and 6p orbitals. The larger spatial distribution of actinide 5f orbitals makes them slightly more 
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covalent than the lanthanides.13 In a study, it was reported for Am and Eu that, the sigma bond 

energy of Am is higher than that of Eu with sulfur which indicates that spatial extent of 5f 

orbitals play a crucial role for the covalency in spite of their higher orbital energy.14 Moreover 

the interaction of the metallic core with the surrounding ligands in coordination complexes of 

lanthanide (III) ions is mainly electrostatic because the 4f valence shells of the trivalent 

lanthanides are shielded from external perturbations by the filled 5s2 and 5p6 orbitals.15  

The greater covalency of the trivalent actinides with respect to trivalent lanthanides is the 

only significant difference between these two f block elements. Therefore ligands with softer 

donor atoms, such as N, S or Cl- , relative to oxygen are suggested for the discrimination of  

actinides from lanthanides.12 

Variable coordination numbers and geometries have been observed both for tripositive 

lanthanide and actinide ions. The observed coordination numbers for the lanthanide (III) ions 

range between 6 and 12.16, 17   Nine coordination is common for the lanthanide (III) ions and 

several complexes are reported having tricapped trigonal prismatic geometry with nine 

coordination sites.18, 19, 20 Nona aqua complexes of lanthanide (III) ions are in tricapped trigonal 

prism geometry. The tricapped trigonal prismatic geometry is depicted in Figure 1-1. 

1.4 Solvent Extraction Processes for the Nuclear Waste Treatment 

Safe disposal of nuclear waste is a primary concern, and to this end, the development of 

separation techniques for trivalent actinides from trivalent lanthanides is essential for the nuclear 

waste reprocessing. Research studies have been focused on liquid-liquid extraction processes 

because it is the most successful technique. During liquid-liquid extraction, the charged metal 

ion is extracted as a complex with an extract ant from a highly acidic aqueous phase into an 

immiscible organic phase.21 For effective separation the legends of the extract ant should have 

minimal solubility in the aqueous phase.22 The complication reaction occurs in the interfacial 
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zone between the organic and aqueous phases.22 The extent of extractability of the metal is 

measured by the distribution ratio (D), which is the ratio of concentration of the metal in the 

organic phase to its concentration in the aqueous phase. Also of importance is the separation 

factor (SF) which is the ratio of the distribution ratios of lanthanide and actinide ions, indicating 

the selectivity of the extractant.8 

Lanthanide and actinide captions are transferred from the aqueous solution into the organic 

phase in tight complex formation. During this process, the metal is surrounded by the uncharged 

ligands to form a charged complex. In addition to the complex, hydrated nitrate anions can be 

transferred to the organic phase with the metal cation.23 

When cobalt bis(dicarbollide) anion (1-), closo-[(1,2-C2B9H11)2-3,3’-Co]-, COSAN, is used 

as a coextractant enhanced extraction ratios are sometimes observed.24 The ion pair formation 

with the charged complex and the COSAN is due to the great hydrophobicity of the COSAN 

anion.24 This way hydration of the complex is lowered so that it becomes more soluble in the 

organic phase. The chemical stability of COSAN in nitric acid is enhanced by the halogenation 

of the most reactive terminal hydrogen atoms. COSAN derivatives are stable to radiation. In 

Figure 1-2 the structure of chloro-COSAN is depicted. Since COSAN derivatives are insoluble in 

hydrocarbons, moderately polar solvents, such as aromatic nitro compounds, halogenated ethers, 

etc., are used for the extractions.25 

The first step of nuclear waste reprocessing is the dissolution of used fuel rods in nitric 

acid.  Initially, several processes have been developed including the PUREX, TRUEX, TRPO, 

DIDPA, and UNEX processes. In PUREX process industrial uranium and plutonium are 

recovered from the generated waste. TRUEX process removes actinides and lanthanides from the 

liquid waste that was generated during PUREX process. Although these processes are successful 
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in terms of selectivity and high extraction efficiencies of the extractions, they all involve 

phosphorus containing reagents which creates a secondary waste stream.26  As an alternative to 

TRUEX process and the other processes, incinerable processes containing only carbon, oxygen 

hydrogen and nitrogen atoms are being developed to minimize generation of secondary waste,27 

and utilizing diamides, the DIAMEX process is among the most promising ones.27 Another 

approach to incinerable extraction systems is SANEX process. SANEX process employs 

pyridine, pyrazolone and other heterocyclic molecules as ligands to make the coordination site 

more covalent in nature and increase the selectivity for actinides.12, 26, 27  

1.4.1 Extraction Processes with Extractants Containing Phosphorus Atoms 

1.4.1.1 PUREX process 

The PUREX (Plutonium and Uranium Reduction Extraction) process efficiently isolates U 

and Pu from the mixture of fission products.28 With a water immiscible organic phase such as 

tributylphosphate (TBP),  the unwanted metal ions (fission products) are extracted into the nitric 

acid medium and Pu (IV) and U (IV) move into the organic phase. 27 The structure of TBP is 

given in Figure 1-3. 

There are three purification cycles. Although 99.9% of the fission products are separated in 

the first cycle, to increase the efficiency of the separation the same process is repeated in the 

second and third cycles.27 During the first cycle U (IV) and Pu (IV) are extracted with TBP, and 

then Pu (IV) is reduced to Pu (III). In this way Pu (III) and U (IV) are separated from each other 

with another extraction since Pu (III) is less extracted than U (IV) with TBP.  The last step 

involves the uranium stripping from the TBP phase.27 

1.4.1.2 TRUEX process 

The transuranic element extraction (TRUEX) process is a liquid-liquid extraction process 

for the recovery of actinides from liquid waste.29 For this process octyl(phenyl)-N, N-
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diisobutylcarbamoylmethylphosphine oxide (CMPO) is used as an extractant with paraffin 

diluents.30 The structure of CMPO is shown in Figure 1-3.  TBP is also used as a solvent 

modifier as it enhances the extraction of metal cations.29 Detailed research has been carried out 

for the distribution behavior of the TRUEX process for the actinides, lanthanides and some 

fission products29, 30 CMPO is a very powerful extractant. It is reported that greater than 99.99% 

of Am from the organic phase could be removed by using simulated waste solutions with 

CMPO.27 During the process, chelating CMPO binds the M3+ cation tightly by its C=O and P=O 

donor atoms. After the formation of the cation complex, polar nitrate ions are transferred 

together with the cation for charge compensation.31 

1.4.1.3 TRPO process 

Actinides with (III), (IV) and (VI) oxidation states are extracted from nitric acid by 

trialkylphosphine oxide extractants (Cyanex 923). U (VI), Np (IV, VI) and Pu (VI) are extracted 

with 99% by using TRPO (with alkyl chains C6 to C8) in kerosene.27 The structure of TRPO can 

be seen in Figure 1-3. TRPO/TBP mixture in kerosene reportedly showed high extractability for 

UO2
2+.32  

The TRPO process is advantageous due to the low cost of the trialkylphosphine oxide 

reagents and high extraction efficiency for several actinide and lanthanide elements.27 However, 

the process has the disadvantage of being efficient at only dilute nitric acid concentrations, which 

increases the amount of the liquid waste to be treated. 27 

1.4.1.4 DIDPA process 

In this process diisodecylphosphoric acid (DIDPA) is used as the extractant. In Figure 1-3 

the structure of DIDPA is given. U(VI), Pu(IV), Np(IV), Am(III), Cm(III) and lanthanides (III) 

are successfully extracted with a mixture of DIDPA and TBP at certain concentration. Numerous 

studies with dialkylphosphoric acids, of the di-2- ethylhexylphosphoric acid (D2EHPA) type, 
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dialkyldithiophosphinic acid (Cyanex 301) or their synergistic mixtures with neutral 

phosphorous extractants have been done for the extraction of Nd(III), U(VI), Th(IV), Am(III) 

etc., from nitric acid solutions and efficient extractions for trivalent actinide/lanthanide elements 

are achieved.27, 33, 34 The structure of Cyanex 301 is shown in Figure 1-3.  

The disadvantages of DIDPA process are similar to those of TRPO. This process also 

requires high dilutions and denitration resulting in a greater volume of waste solution to be 

treated.27 

1.4.1.5 UNEX process 

The universal extraction (UNEX) process uses a synergistic mixture containing the 

hexachloro derivative of cobalt dicarbollide (CCD), polyethylene glycol (PEG) and 

diphenylcarbamoylmethylphosphine oxide.4 Cs (I), Sr (II) and several actinides and lanthanides 

are extracted. CCD extracts Cs (I), PEG extracts Sr (II) and the CMPO extracts the 

actinide/lanthanide metals.27 When the waste solution was diluted with HF to prevent huge 

extraction of Fe and Zr instead of Eu (III), promising results were obtained. Several research 

studies are being done for the optimization of the UNEX process.27 

1.4.2 Extraction Processes with Incinerable Extractants 

1.4.2.1 DIAMEX process 

The DIAMEX (Diamide Extraction) process was developed for the selective co-extraction 

of trivalent actinides and trivalent fission lanthanides from nuclear waste.35 The diamide 

extractants used for this process, such as malonamides, succinamide, glutalamide and adipamide, 

are incinerable. These compounds are weak bases in which the carbonyl amide groups coordinate 

to metal ions in a chelate complex.36 They have strong complexation with the metal ion and are 

able to extract metal ion from highly acidic solutions.37 Either one or two malonamides are 

bound to the lanthanide ion and nitrate ions and/or water molecules complete the coordination 
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sphere of the metal.38 In crystal structures of  Am3+ and Nd3+ with N, N, N’, N’-

tetraethylmalonamide, TEMA, both of the metal ions have the same coordination geometry with 

two TEMA molecules coordinating through their carbonyl groups and the remaining 

coordination sphere is completed with three bidentate nitrate ions.39 The structure of TEMA is 

depicted in Figure 1-4. 

Among the malonamides used for the extraction purposes, N, N-dimethyl- N, N-

dibutyltetradecylmalonic diamide (DMDBTDMA) was proposed as a promising  extractant.35 

Recent studies suggest that N, N-dihexyl octanamide (DHOA), N, N-di(2-ethylhexyl) 

isobutyramide (D2EHIBA), and N, N’-dimethyl-N, N’-dioctyl-hexylethoxy-malonamide 

(DMDOHEMA) are good extractants as well.40, 41 The structures of DMDBTDMA and 

D2EHIBA can be seen in Figure 1-4. N-dihexyl octanamide (DHOA) and N, N-di(2-ethylhexyl) 

isobutyramide (D2EHIBA) are proposed to be a promising alternative for TBP for uranium-

based fuels.40 Analysis with N, N-dimethyl-N, N-dioctyl-hexylethoxy-malonamide 

(DMDOHEMA), seen in Figure 1-4,  has shown that because of increased lipophilicity, it is 

highly resistant to hydrolysis and radiolysis.41 In another recent study, the efficiency of N, N, N, 

N- tetraoctyl-3-oxapentane-1,5-diamide (TODGA) was investigated, and it showed high 

extractability with trivalent metal ions.42 For the extraction of Eu(III), Am(III), Th(IV), and 

U(VI), N, N'-dimethyl-N, N'-dihexyl-3-thiopantanediamide (DMDHTPDA) was used as an 

extractant.43  When used alone, none of the cations were extracted into the organic phase because 

of very weak complexation due to the presence of sulfur atom, a very soft base. Although 

extraction experiments were performed using synergistic thenoyltrifluoroacetone except with the 

ion of the Th (IV) system, the separation factors were smaller for this ligand than those of 

thenoyltrifluoroacetone and N, N'-dimethyl-N, N'-dihexyl-3-oxapentanediamide (DMDHOPDA) 
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which is the oxo ether analog of DMDHTPDA.43 TODGA and DMDHOPDA are also depicted 

in Figure 1-4.  

Earlier, ether type diamides with oxygen or nitrogen introduced into carbon chain between 

the two amide groups were synthesized and analyzed for their extraction behaviors.37  It was 

determined that the extractability of diglycolamide (DGA) for actinides is greater than that of 

malonamide.44 The ether oxygen in DGA is important for chelation to actinides, showing 

tridentate coordination. Another important factor is  the length of the alkyl chain attached to the 

N atom of the amide group, which determines the distribution ratios and solubility of the amide 

in diluent.44 In another study with ether type ligands, extraction experiments were performed 

with N, N'-dimethyl-N, N'-dihexyl-3-oxapentanediamide, (DMDHOPDA), N, N'-dihexyl-3- 

thiopentanediamide, (DHTPDA), and N,N'-dihexyl-3-oxapentanediamide, (DHOPDA). 

Extraction data revealed that no pH dependence was observed with DMDHOPDA for Eu3+, 

Am3+, Th4+, NpO2+ and UO2
2+ ions.37 

1.4.2.2 SANEX process 

Nitrogen heterocycles are promising for the separation of actinides(III) from nuclear 

waste.45, 46 The ligands 2, 2’:6’ 2”-terpyridine and 2, 4, 6-tri(2-pyridyl)-1, 3, 5-triazine have been 

used, and separation factors between Am(III)/Eu(III) 7 and 12 were obtained, respectively. These 

ligands required a weak organic acid as synergist.8, 46 

The most efficient ligands are the ones bearing either  1, 2,  4-triazine or 1, 2, 4-triazole 

groups incorporated into a tridentate ligand.47 Alkylated 2, 6-di(1, 2, 4-triazin-3-yl)pyridines 

(BTP) have been reported to be very powerful extractants.8, 9, 22, 45- 50 These ligands are able to 

attain separation factors for americium or curium versus europium of more than 100 in up to 1 M 

nitric acid solution.8, 45, 47, 49 The structure for BTP is given in Figure 1-5. 
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The reason for the high selectivity of these ligands is may be the soft donor nitrogen atoms 

form stronger bonds with the more covalent actinides.22, 46, 48 The electron density on the 

nitrogen atoms and the basic character of these ligands are the main factors for the coordination 

of the metal ions with these ligands.47 During extractions, the ligand coordinates to the metal 

through the nitrogen of its central pyridine and the nitrogen atoms at the 2-position of the 

triazinyl rings.22 The ligand forms [ML3]3+ type cations which enable the  phase transfer 

possible.47 A recent study brings up a different explanation for the selectivity of these ligands. 

The greater thermodynamic stability of the actinide complexes in relation to that of the 

lanthanide complexes may be responsible.45  

Also 2, 2:6, 2-terpyridine, 2, 4, 6-tris(4-alkyl-2-pyridyl)-1, 3, 5-triazine, and 4-amino-bis(2, 

6-(2-pyridyl))-1, 3, 5-triazine, were tested as extractants, and  a variety of separation factors for 

actinides over lanthanides were achieved.9 The ligand structures are shown in Figure 1-5. 

Since  2, 6-di(5, 6-dialkyl-1, 2, 4-triazin-3-yl)pyridines are susceptible to hydrolysis and 

radiolysis, different ligand systems with 2, 6-dioxadiazolylpyridines, as seen in Figure 1-5,  were 

synthesized as mimics with the hope of overcoming the hydrolysis and radiolysis problems.47 

Although varying separation factors were achieved, these extractants were not as efficient as 2, 

6-bis(5, 6-dialkyl-1, 2, 4-triazin-3-yl)pyridines.47 

Also, extractant systems with 2, 6-bis (benzimidazol-2-yl) pyridine were synthesized but 

the separation factors were not higher than 23.51 

1.4.3 Pre-organized Ligand Systems for Nuclear Waste Processing 

Preorganization of a ligand makes complexation to the target metal ion more facile since it 

is already placed at a certain position that can collaborately work with the other ligating sites 

already positioned.52 The system predisposed to the high number of coordination sites required 

by the metal cation. The preorganized ligand systems are better extractants due to entropic 
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factors.2 The limited flexibility of the coordinating sites favors the coordination to the metal 

compared to the competing solvent molecules or anions.2 

1.4.3.1 Calixarenes 

Calixarene platforms contain various functional groups positioned in a well defined 

arrangement.53 The calixarene platform can be functionalized either at the lower rim surrounding 

a smaller cavity or at the upper rim surrounding a larger cavity.2 The size of the platform 

depends on the number of phenol groups; calix[3]arene being the smallest with three phenol 

groups, and calix[8]arene being one of the biggest with eight phenol groups.2 Increasing the size 

of the platform makes it more flexible and be able to have more conformations.2 Several 

calixarene systems have been studied for extraction with mono54, 55 and bifunctional phosphine 

oxides2, 21, 56, 57  in addition to CMPO, the most investigated moiety with calixarenes, as seen in 

Figure 1-6. All the systems studied thus far have indicated that with the preorganization 

introduced by the calixarene systems, better extractions and selectivity are attained compared to 

the same ligand systems without preorganizations.  

In addition to phosphorus containing ligands, picolinamide systems have been studied. 

However, due to protonation at high acidities in these systems, they did not prove to be as 

interesting for industrial applications.2 

1.4.3.2 Cavitands 

Cavitands are structurally similar to calixarenes except that upper rim phenyl-phenyl 

eythylene glycol bridges prevent phenyl rings rotation making them more rigid.2 Studies with 

both CMPO and Cyanex 301 based ligands have been performed with cavitands.2, 52, 58 The 

structure of a CMPO derivative of a cavitand is depicted in Figure 1-7 Although the extraction of 

Am(III) was enhanced with a cavitand system bearing CMPO, it was not as effective as the 

calixarene derivative.2 The selectivity of Eu(III) over UO2(II) and Fe(III) was higher with CMPO 
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cavitand systems than simple CMPO systems.52 Conversely,  tetrakis(phosphane sulfide) 

cavitands are ineffective for the extraction of Am(III).58  

1.4.3.3 Tripodands 

Tripodands are very flexible C3-symmetric platforms with a central carbon atom to which 

three identical arms are attached with metal binding sites. An R group is also attached to the 

central carbon atom to control the solubility.2 In a recent study reasonable extractions were 

obtained with Eu (III) and Am (III) with CMPO groups in the presence of a synergistic Br-

COSAN with tripodand systems.59 The CMPO tripodand is depicted in Figure 1-7. 

1.4.3.4 Trityls 

Trityl platforms are C3-symmetric platforms with three phenol groups attached to a single 

carbon atom from their meta positions. In the triphenoxymethane platforms, the oxygens of the 

phenol groups were determined to be pointing up, parallel to the central hydrogen atom.60 

Ligands based on the triphenoxymethane platform are advantageous because they can be 

prepared quickly in bulk quantities, the solution and solid state structures of the complexes can 

be fully characterized, and the solubility properties can be easily changed by making adjustments 

to the substituents on the base of the platform. This platform can be functionalized either at the 

oxygen atom of the phenol group (upper side functionalized triphenoxymethane platform) or at 

the para- position (lower side functionalized triphenoxymethane platform).  

A tris CMPO ligand system was developed with the upper side functionalized 

triphenoxymethane platform.61 The crystal structures of Th(IV) and  Nd(III) clearly indicated the 

coordination of the preorganized CMPO ligands through C=O and P=O groups.61 In simulated 

waste extractions, the ligand system showed a high affinity for Th(IV) but very low affinity for 

the lanthanide (III) series.61 The structure of this ligand is shown in Figure 1-8. 
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Inspired by the upper side functionalized CMPO triphenoxymethane system, Böhmer, et 

al. introduced a C3-symmetric lower side functionalized CMPO system with triphenoxymethane 

platform,62 shown in Figure 1-8. This ligand system revealed reasonable selectivity between 

Am(III) and Eu(III) but it was not as effective as the calixarene systems for extractions from 

highly acidic media.62  

In addition to the CMPO system, another upper side functionalized ligand system was 

synthesized with DGA as depicted in Figure 1-8.63 In this molecule three diglycolamides are 

collectively providing nine coordination sites with their diamide moieties and their etheric 

oxygen atoms to help to form C3-symmetric metal complexes. This ligand revealed slightly 

higher selectivity than its simple form between Eu (III) and Am (III). It also had higher affinity 

for the heavier lanthanide (III) cations than the lighter ones in dichloromethane.63 When the 

experiments were repeated with 1-octanol, the extractant showed selectivity for the lanthanide 

ions in the middle of the series. When n-butyl substrates instead of isopropyl substrates were 

used, the efficiency of the extraction dropped significantly. The selectivitiy of the ligand was 

also lost.  

Extraction experiments with 1-octanol and n-dodecane solvents with the n-butyl derivative 

were unsuccessful due to phase separation problems.  

According to the solid state structures obtained with DGA ligand with upperside 

functionalized triphnoxymethane platform with isopropyl substrates with Yb, the geometry of the 

complex is C3 symmetric tricapped trigonal prism with coordination sites of diamide moieties 

and the oxygen atoms in between. Oxygen atoms are coordinated to the metal and make the 

tricapped part of the structure. The ligand fully saturated the coordination sphere of  the metal 

leaving no space for the nitrate ions to coordinate.  
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In order to achieve selectivity between the actinide and lanthanide ions, the etheric oxygen 

in the middle was replaced by sulfur to make the thio derivative of the legend. However the 

extraction experiments revealed that there were negligibly low distribution coefficients for this 

ligand. The big sulfur atom was making the geometry of the complex to be distorted from the 

tricapped trigonal prism geometry and resulting with poor metal binding. This also showed the 

importance of the etheric oxygen in DGA derivative in terms of its binding and its effect for the 

extraction experiments. 

The DGA ligand was synthesized with the lower side functionalized triphenoxymethane 

platform but the ligand showed no extraction with this type of triphenoxymethane platform. 

1.5 The Research Objectives 

The main goal of this project was to design and synthesize new multidentate ligands by 

exploiting triphenoxymethane platform, in order to test their extraction behaviors with trivalent 

lanthanide cations in 1 M nitric acid solutions. The new ligands were to be tested in acid 

solutions with lanthanide cations to determine the feasibility of their use for actual extraction 

process of nuclear waste. The research also focuses on the characterization of the lanthanide (III) 

complexes both in solution and solid state. Previously in our group, incenerable nonadentate 

ligand systems bearing DGA groups with triphenoxymethane platform were synthesized and the 

extraction behaviors of these ligands were studied in detail and it was observed that they showed 

successful extraction performances. Having observed successful extractions with nonadentate 

DGA ligands with triphenoxymethane platform and the reported success of heterocyclic ligands 

bearing relatively softer nitrogen atoms led us to design a new incenerable ligand system bearing 

both pyridine and diamide moieties. To create this ligand system three pyridine-2, 6-

dicarboxamide derivatives were introduced to triphenoxymethane platform to form a nonadentate 

ligand system. Both upper side and lower side functionalized triphenoxymethane ligands were 
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prepared. Extraction experiments were performed in 1 M nitric acid solution with Ln(III) cations 

to determine the extractabilities of these metals. Extraction experiments were repeated with 

chloro-COSAN to enhance the extraction of the lanthanides with the new ligand systems.    
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Figure 1-1 Schematic representation of a tricapped trigonal prismatic geometry

 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Figure 1-2 Schematic structure of chloro-COSAN ion. 

 

 

 

 

Co

hexachloro bis(1,2-dicarbollide)cobaltate
Cl6COSAN- ion

Cl

CH

BH



 

38 

P
O

H3C(H2C)3O
O(CH2)3CH3

O(CH2)3CH3

A

P
O

H3C(H2C)7 CH2

O

N
CH2CH(CH3)2
CH2CH(CH3)2

P
O

R
R

R

C

P
O

(H3C)2HC(H2C)7O
O(CH2)7CH(CH3)2

OH P
S

R
R

SH

E

B

D  

Figure 1-3 Selected phosphorus containing extractants. A) TBP, B) CMPO, C) TRPO, D) 
DIDPA, E) Cyanex 301. 

 

 

 



 

39 

N

O

N

O

O N

O

NO

N

OH3C(H2C)5 (CH2)7CH3

(CH2)7CH3

N
C8H17

C8H17

O
O

O

N

C8H17

C8H17
O

O

N

O

N

(CH2)5CH3(CH2)5CH3

E

A B

C

D  

Figure 1-4 Selected diamide extractants. A) TEMA, B) D2EHIBA, C) DMDOHEMA, D) 
TODGA, E) DMDHOPDA. 



 

40 

N

N
N

N
N

N

N

A

N
N N

N N

N
N N

R

N

R

R

N N

N
N N

NH2

N
N

H
NN

NH

N
N

O
NN

O
N

R RE

B

C D

F  

Figure 1-5 Selected pyridine bearing heterocyclic extractants. A) BTP, B) 2,4,6-tris(4-alkyl-2-
pyridyl)-1,3,5-triazine, C) 2,2:6,2-terpyridine, D) 2,6-bis(benzimidazol-2-yl)pyridine, 
E) 4-amino-bis(2,6-(2-pyridyl))-1,3,5-triazine, F) 2,6-dioxadiazlylpyridine.  

 



 

41 

OROR RO

NHHN HN NH

OR

Ph
Ph

Ph
PhPh Ph Ph

H2CH2C H2C

RR R R

H2C

HN HN HN HN

P O

n=1,2,3

O

P O P O

OO O

P O

O

P O

O

P O

O

P O

O

P O

Ph

PhPh
PhPhPh Ph Ph Ph

nn nn

A

B
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CHAPTER 2 
NEW NONADENTATE LIGANDS AS CANDIDATES FOR ACTINIDE/LANTHANIDE 

SEPARATION: PYRIDINE-2, 6-DICARBOXAMIDE DERIVATIVES OF THE 
TRIPHENOXYMETHANE PLATFORM BEARING PYRIDINE-DIAMIDE MOEITIES 

2.1 Ligand Design 

In the design of a ligand system for the separation of trivalent actinides from trivalent 

lanthanides commonly found in nuclear waste, some important factors should be considered. The 

first is that the ligand must be able to easily bind the metal cation and fulfill the required 

coordination number of the metal coordination sphere. Since extraction experiments are typically 

performed under highly acidic and radioactive conditions, the ligand should have high radiation 

and chemical stability.64, 65 Also, the solubility of the ligand should be characterized.64 The main 

purpose of the project is to design a ligand for industrial applications so it is important to 

consider the ease of its synthesis and purification and the material cost of the ligand.66 The 

toxicity of the ligand and its degradation products are also important factors to be taken into 

account.66  

The main goal of nuclear waste treatment is the selective separation of the relatively more 

covalent trivalent actinides from trivalent lanthanides. Therefore a ligand system bearing softer 

donor atoms at its binding site relative to oxygen, such as N, or S, will be promising to enhance 

covalent character at the binding site. Also, in order to not create additional waste, the ligand 

system should be incinerable. Moreover, a ligand system exploiting preorganization will be more 

advantageous for the purpose of extractions. Lastly, creating a ligand bearing a coordination site 

mimicking that of those ligands previously reported to perform well in terms of extractability and 

selectivity could be advantageous.  

Keeping these important requirements in mind, we designed a nonadentate ligand system 

having three asymmetric N, N-dialkylpyridine-2, 6-dicarboxamide moieties attached to a 
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triphenoxymethane platform. The novelty of the ligand stems from the fact that it combines both 

pyridine and diamide binding sites. As mentioned before for the DIAMEX and SANEX 

processes, diamides and nitrogen-bearing heterocyclic systems have high extraction and 

selectivity towards trivalent f-block elements. Our proposed ligand system takes advantage of 

both pyridine and diamide properties. This incinerable ligand system is also preferable due to its 

preorganization which enables it to  provide nine binding sites for the metal, with six carbonyl 

groups (C=O) from diamide moieties and three nitrogen atoms from its pyridine moieties. This is 

advantageous because trivalent f-block cations prefer high coordination numbers. Another 

important characteristic of this ligand is that it has soft nitrogen atoms at its binding site to 

enhance covalent character which confers the selectivity between the trivalent actinides and 

lanthanides.  

The selection of tridentate pyridine-2, 6-dicarboxamide (DPA)for extraction purposes 

stems from the fact that the coordination chemistry of this ligand with trivalent lanthanides has 

been extensively studied for its photophysical properties.15, 67-71  Not only does this ligand meet 

all the requirements for the extractions, it provides an ideal coordination site for lanthanide (III) 

cations. Tridentate ligands of the type N, N, N’, N’-tetraalkylpyridine-2, 6-dicarboxamide 

bearing  both pyridine and diamide groups,  produce stable lanthanide complexes of the type 

ML3
3+.67  Solution and solid state structural investigations for  N, N, N’, N’-tetraethylpyridine-2, 

6-dicarboxamide indicated that in these complexes OC-N (amide) bonds exhibit considerable 

double bond character, and that the alkyl residues are situated close to the three fold axis and the 

metal ion.15 The structure of N, N, N’, N’-tetraethylpyridine-2, 6-dicarboxamide is depicted in 

Figure 2-1. 
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Tripodal ligands were also synthesized with DPA moieties. Three asymmetric tridentate 

DPA moieties are connected to the tris(2-(N-methyl)aminoethyl)amine (TREN) tripod to give a 

nine-coordinate podand that shows  pseudo-tricapped trigonal prismatic geometry with Ln(III) 

due to the orientation of the three tridentate ligands.69, 71 A similar type of tripodal ligand was 

synthesized with tris(3-(N-methylamino)propyl)amine (Me-TRPN).70 In all of these studies the 

stabilities of these complexes in solution were studied in addition to the formation of their 

protonated adducts in acidic media. The structures of TREN and Me-TRPN bearing diethyl 

derivative of DPA are given in Figure 2-1.  

2.1.1 Recently Reported Extraction Studies with Pyridine-2, 6-dicarboxamides 

Research has been sparingly performed with the pyridine-2, 6-dicarboxamides, DPAs, for 

nuclear waste separation processes. Therefore limited information is available for these 

molecules, most of which is quite recent and can be considered to be preliminary. These studies 

reveal that DPAs do not extract metals from acidic solutions by themselves. However, in 

combination with chlorinated derivative of COSAN, high extractions of Cs and actinides are 

achieved.72 

DPAs are weaker donors than malonamides. They also are less basic in character than 

picolinamides because the second carboxamide group introduced into the molecule further 

decreases the basicity of the pyridine nitrogen.73 

Smirnov et al. worked on derivatives of DPA including tetraethyl DPA, tetra-n-butyl DPA, 

N, N’-diphenyl-N, N’dimethyl DPA, N, N’-diheptyl DPA and tetra-i-butyl DPA.73 The structures 

of these ligands are depicted in Figure 2-2. All of these extractants showed moderate extraction 

of Am in nitric acid solution with metanitrobenzotrifluoride as diluent. However, when chloro-

COSAN is used, the distribution ratio (DAm) for Am is quite high (>~10), which is comparable to 

CMPO extractions. Another important factor is the selectivity for Am over Eu. Depending on 
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their results the separation factor is DAm/DEu ≥ 2.6 for tetra-n-butyl DPA which indicates that the 

system has potential for Am/Eu separation. The pyridine nitrogen is the likely reason for this 

selectivity.73 Based on this data, DPAs have been proposed as a potential alternative to CMPO 

for the extraction of actinides.73 

In another study, N, N’-diethyl-N, N’-di (p-tolyl) DPA showed good extraction properties 

in nitric acid with  metanitrobenzotrifluoride as diluent.74 This ligand extracts Am better than Eu. 

However, separation factors decrease with increasing solution acidity. Even 0.2 M of N, N’-

diethyl-N, N’-di (p-tolyl) DPA is sufficient enough to recover Am, and is considered to be a 

promising candidate for the separation process.74 The structure of this ligand is also given in 

Figure 2-2. 

In order to probe the effect of acid conditions, extractions with DPA were carried out in 

perchloric acid with fluorinated solvents as the diluents.75 The extraction efficiency is much 

higher in perchloric acid than in nitric acid. The extraction ability is dependent up on the 

substituents on the nitrogen atoms, such that dialkyldiaryldiamides turned out to be better 

extractant than di- and tetraalkyldiamides for Am and Eu. In spite of high extraction 

performances in perchloric acid, the selectivity is lost.75 

2.1.2 Research Objectives 

In this study, two derivatives of DPA were introduced to derivatives of both upper and 

lower side functionalized triphenoxymethane platforms to form unsymmetrical nonadentate 

ligands for extraction purposes. These ligands were fully characterized and both their solid state 

and solution structures were analyzed. Extraction experiments were performed in three different 

solvents (1-octanol, 1, 2-dichloroethane and dichloromethane), with lanthanide (III) cations in 1 

M nitric acid solution.  
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In this chapter the synthesis of these ligands will be described in detail. In the following 

chapter the extraction experiments will be explained and the results of these experiments will be 

discussed in detail and compared to recently reported studies involving DPAs.   

2.2 Synthesis of the Nonadentate Ligand Systems 

The key step of the synthesis of the ligands was the coupling reaction between the amine 

groups of the triphenoxymethane platform and the carboxylic acid of the 6-(N, N,-

dialkylcarbamoyl)pyridine-2-carboxylic acid. For this purpose upper and lower side 

functionalized triphenoxymethane platforms with amine groups were synthesized in addition to  

the  6-(N, N, dialkyl-diarbamoyl)pyridine-2-carboxylic acid derivatives.  

2.2.1 Synthesis of Triphenoxymethane Platforms with Amine Groups 

The upper side functionalized triphenoxymethane platforms, with three carbon linker 

groups, (2-1),76 and two carbon linker groups, (2-2),77 were synthesized as reported. A synthetic 

route was developed to make the lower side functionalized triphenoxymethane platform with the 

amine group. First, 2, 2', 2’’-methanetriyltris(4-nitrophenol) (2-3) was prepared according to the 

literature method.78 In order to synthesize the lower side functionalized triphenoxymethane 

platform, the phenol group of 2- 3 must be protected with an alkyl group. To this end alkylation 

reactions were performed with a weak base and an alkyl iodide, RI, (R= methyl, octyl) The 

synthetic scheme for these molecules, methyl protected 2-methoxy-5-nitrophenylmethane (2-6) 

and octyl protected tris(5-nitro-2-(octyloxy)phenylmethane (2-7) are depicted in Scheme 2-1. 

The first method that was used to synthesize 2-6 was to reflux 2-3 with methyl iodide and K2CO3 

in acetone for two days following the literature method.63 However, the yield of this reaction was 

no more than 30 % which was very low and inconvenient for the preparation of a starting 

material. Another method was tried by stirring 2-3 with methyl iodide and K2CO3 in dry DMF 

for five days, which yielded 98 % of very clean product. The same method yielded successful 
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preparation of 2-7 by using octyl iodide with 65 % yield. For the preparation of 2-7 another 

method was also tried by using sodium hydride78 instead of K2CO3 but unfortunately a mixture 

of unknown products was obtained.   

The last step of the synthesis of  the lower side functionalized triphenoxymethane platform  

is the reduction of the nitro groups of 2-6 and 2-7 to yield 3,3',3''-methanetriyltris(4-

methoxyaniline) (2-8) and 3,3',3''-methanetriyltris(4-(octyloxy)aniline  (2-9) respectively as seen 

in Scheme 2-1. This was a very challenging task. Various aromatic nitro group reduction 

methods 63, 79-86 were used, and for each method different reaction conditions were applied by 

changing the amount of the reagents, the temperature of the reaction, or the total time of the 

reaction. However, in terms of the reaction safety, obtaining clean compound with high yield, 

and the cost of the materials used, only one method 85 turned out to be successful in fulfilling all 

these requirements. According to this method, 2-6 and 2-7 are refluxed with zinc dust and 

calcium chloride dihydrate in ethanol overnight to obtain 2-8 and 2-9 in 50 % and 62 % yield, 

respectively. 

2.2.2 Synthesis of 6-(N, N-dialkylcarbamoyl)pyridine-2-carboxylic Acid 

Two derivatives of 6-(N, N-dialkylcarbamoyl)pyridine-2-carboxylic acid were synthesized, 

diethyl derivative 6-(N, N-diethylcarbamoyl)pyridine-2-carboxylic acid (2-4) and diisopropyl 

derivative, (N, N-diisopropylcarbamoyl)pyridine-2-carboxylic acid (2-5). 2-4 87, 88, 89 was 

prepared according to the published procedure. Similarly, 2-5, the isopropyl derivative of 2-4, 

was successfully synthesized. In Scheme 2-2 the synthetic pathway for 2-5 is given. For the 

synthesis of 2-5, 6-(methoxycarbonyl) picolinic acid is prepared as described in the literature.87 

This molecule is reacted with thionyl chloride to make an acyl chloride, which is reacted with N, 

N-diisopropyl amine. The final step is saponification of the methyl ester using KOH.  
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2.2.3 Synthesis of the Ligands 

All the ligands were synthesized by using the coupling reagent; PyBOP.90 This reagent is 

used for the condensation reactions between an amine and a carboxylic acid to form an amide 

bond.  

According to the general procedure for the coupling reactions, the amine derivative of the 

triphenoxymethane platform was stirred with a 6-(N, N-dialkylcarbamoyl)pyridine-2-carboxylic 

acid derivative, PyBOP90, and N, N-diisopropyl amine in DMF at room temperature over night. 

To the reaction mixture, 10 % HCl solution was added and stirred for an hour. The resulting 

precipitate was dissolved in an organic solvent and washed first with 1 M HCl solution, then 

with 1 M NaOH solution followed by brine solution. The organic layer was dried over anhydrous 

sodium sulfate and filtered. The solvent was removed and the residue was dried.  

Throughout our studies we worked with two different types of triphenoxymethane 

platforms: upper side functionalized triphenoxymethane platform and lower side functionalized 

triphenoxymethane platform. The ligands N2, N2', N2''-(3, 3', 3''-(6, 6', 6''-methanetriyltris(2, 4-

di-tert-butylbenzene-6, 1-diyl)tris(oxy))tris(propane-3, 1-diyl))tris(N6, N6-diethylpyridine-2, 6-

dicarboxamide) (2-10), N2, N2', N2''-(2, 2', 2''-(6, 6', 6''-methanetriyltris(2,4-di-tert-

butylbenzene-6, 1-diyl)tris(oxy))tris(ethane-2, 1-diyl))tris(N6, N6-diethylpyridine-2, 6-

dicarboxamide) (2-11), and N2, N2', N2''-(2, 2', 2''-(6, 6', 6''-methanetriyltris(2, 4-di-tert-

butylbenzene-6, 1-diyl)tris(oxy))tris(ethane-2, 1-diyl))tris(N6, N6-diisopropylpyridine-2, 6-

dicarboxamide) (2-12) are the molecules made by using upper side functionalized 

triphenoxymethane platform.  The synthetic scheme for 2-10 and 2-11 are depicted in Scheme 2-

3. In Scheme 2-4 the synthetic pathway for 2-12 is shown.  

The lower side functionalized triphenoxymethane platform was used to prepare N2, N2', 

N2''-(3, 3', 3''-methanetriyltris(4-methoxybenzene-3, 1-diyl))tris(N6, N6-diethylpyridine-2, 6-
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dicarboxamide) (2-13), N2, N2', N2''-(3, 3', 3''-methanetriyltris(4-methoxybenzene-3, 1-

diyl))tris(N6, N6-diisopropylpyridine-2, 6-dicarboxamide) (2-14), and N2, N2', N2''-(3, 3', 3''-

methanetriyltris(4-(octyloxy)benzene-3, 1-diyl))tris(N6, N6-diethylpyridine-2, 6-dicarboxamide) 

(2-15) and N2, N2', N2''-(3, 3', 3''-methanetriyltris(4-(octyloxy)benzene-3,1-diyl))tris(N6, N6-

diisopropylpyridine-2, 6-dicarboxamide) (2-16). In Scheme 2-5 the synthetic route for 2-13 and 

2-15, and in Scheme 2-6 the synthetic route for 2-14 and 2-16 are depicted.  

2.3 Conclusion 

Nonadentate ligand systems bearing unsymmetrical pyridine-diamide moieties with both 

upper- and lower-side functionalized triphenoxymethane platform derivatives have been 

successfully synthesized and characterized. Their extraction behaviors with lanthanide (III) 

cations in 1 M nitric acid solution will be discussed in detail in Chapter 3.  

2.4 Experimental Section 

2.4.1 General Considerations  

All solvents and starting materials were purchased from Fisher Scientific and used without 

purification unless otherwise stated. 2, 6-pyridine-dicarboxylic acid (Aldrich), 1-iodomethane 

(Fisher), 1-iodooctane (Acros), potassium carbonate (anhydrous) (Fisher), Zn powder (Fisher), 

CaCl2.2H2O (Acros), Ln(NO3)3.x H2O (Ln= La, Ce, Pr, Nd, Pm, Eu, Gd, Tb, Dy, Er, Tm, Yb) 

(Aldrich), PyBOP (benzotriazol-1-yl)oxytripyrrolidinephosphonium hexafluorophosphate) 

(Acros), N, N-diethylamine (Fisher), N, N-diisopropylamine (Fisher),  N, N-diisopropylethyl 

amine (Fisher),  were used as obtained. Anhydrous DMF was used as received for reactions 

requiring this solvent. 3, 3', 3''-(6, 6', 6''-methanetriyltris(2, 4-di-tert-butylbenzene-6, 1-

diyl)tris(oxy))tripropan-1-amine, 2-176, 2, 2', 2''-(6, 6', 6''-methanetriyltris(2, 4-di-tert-

butylbenzene-6, 1-diyl)tris(oxy))triethanamine, 2-277, and 2, 2', 2''-methanetriyltris(4-

nitrophenol), 2-363, were synthesized as reported. 6-(N, N-diethylcarbamoyl)pyridine-2-
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carboxylic acid, 2-487, 88, 89 was prepared according to the published procedure. Following the 

same procedure (N, N-diisopropylcarbamoyl)pyridine-2-carboxylic acid 2-5, the diisopropyl 

derivative of 2-4, was successfully synthesized.  All 1H NMR spectra were recorded on a Varian 

VXR-300 or Mercury-300 spectrometer at 299.95 MHz. Elemental analysis was performed at the 

University of Florida. The mass spectrometry analyses were performed on a Bruker APEX II 4.7 

T Fourier Transform Ion Cyclone Resonance mass spectrometer (Bruker Daltonics, Billerica, 

MA).  

2.4.2 Synthesis 

Preparation of 6-(N, N-isopropylcarbamoyl)pyridine-2-carboxylic acid, 2-4: 6-

(methoxycarbonyl)picolinic acid was prepared as reported.87 A solution of   6-

(methoxycarbonyl)picolinic acid (1.3 g, 7.8 mmol) was prepared with 100 mL dry CH2Cl2, 

thionyl chloride (34.16 g, 0.287 mmol) and 0.1 mL of dry DMF and refluxed for 1 h. Volatiles 

were removed under vacuum. The remaining solid was dissolved in 100 mL dry CH2Cl2 and N, 

N-diisopropyl amine (7.265 g, 71.8 mmol) was added dropwise under N2 atmosphere. The 

solution was refluxed for 90 minutes after which N, N-diisopropyl amine and CH2Cl2 were 

removed under vacuum. The crude product was dissolved in 100 mL of CH2Cl2 and washed with 

half saturated NH4Cl solution. The aqueous phase was back-extracted with CH2Cl2 (3 x 100 mL). 

The combined organic phases were washed with saturated KHCO3 solution. After drying the 

organic layer with Na2SO4, the solvent was removed and the residue was dried. The crude oily 

brown residue was dissolved in 50 mL 1 M KOH solution and stirred for 10 minutes. The 

aqueous phase was washed with chloroform (2 x 100 mL) and was then acidified with 25% HCl 

solution to pH=2. A white compound precipitated out of the solution at pH=2. The product was 

collected by filtration and dried. Yield: 1.40 g (78 %). 1H NMR (CDCl3) : δ (ppm) 1.21 (6H, d, 

3J = 6.6 Hz, CHCH3), 1.57 (6H, d, 3J = 6.9 Hz, CHCH3), 3.59 (1H, hept., 3J = 6.63  Hz. CHCH3),  
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3.73 (1H, hept., 3J = 6.8  CHCH3 ), 7.73 (1H, dd, 3J = 7.8 Hz, 4J= 0.9 Hz,  Py-H), 8.05 (1H, t, 3J 

= 7.8 Hz, Py-H), 8.25 (1H, dd, 3J = 6.9 Hz, 4J= 0.9 Hz,  Py-H).  Calculated for C13H18N2O3: C 

62.38, N 11.19, H 7.25. Found: C 62.13, N 11.06, H 7.35. ESI-FT-ICR-MS m/z 273.1225 for 

[C13H18N2O3+Na]+. Expected: 273.1210. 

Preparation of tris(2-methoxy-5-nitrophenyl)methane, 2-6: A mixture of 2, 2', 2''-

methanetriyltris(4-nitrophenol), 2-3, (9.30 g, 21.76 mmol), anhydrous K2CO3 (15.04 g, 108.8 

mmol), CH3I (15.45 g, 108.8 mmol) and 125 mL of anhydrous DMF was stirred for five days at 

room temperature. 200 mL of water was added and the mixture was stirred for 1 h. The 

precipitate was collected by filtration, washed with water and dried. Yield: 10.05 g, (98 %). 1H 

NMR (CDCl3): δ (ppm) 3.84 (9H, s, OCH3), 6.25 (1H, CH), 6.99 (3H, d, 3J = 9.0 Hz, Ar-H), 

7.66 (3H, d, 4J = 2.7 Hz, Ar-H), 8.25 (3H, dd, 3J = 9.2 Hz, 4J=  2.85 Hz, Ar-H).  Calculated for 

C22H19N3O9: C 56.29, N 8.95, H 4.08; Found: C 56.69, N 8.57, H 3.91. 

Preparation of tris(5-nitro-2-(octyloxy)phenyl)methane, 2-7: Similar synthetic 

methodology was applied to the synthesis of 2-7. 2, 2', 2''-methanetriyltris(4-nitrophenol), 2-3, 

(5.0 g, 11.7 mmol), anhydrous K2CO3 (8.09 g, 58.5 mmol), 1-iodooctane (14.05 g, 58.5 mmol) 

and 60 mL of anhydrous DMF were stirred for five days at room temperature. 200 mL of water 

was added and the mixture was stirred for 1 h. The oily product was separated from the aqueous 

part. After washing the thick oil several times with water (3 x 100 mL), it was dissolved in 

CH2Cl2. The organic solution was washed with water (3 x 100 mL), dried over Na2SO4, and the 

solvent was removed under vacuum. The resulting thick oil was stirred in 250 mL of pentane for 

3 hours. The pure product was filtered from pentane solution as solid. Yield: 5.80 g, (65 %). 1H 

NMR (CDCl3): δ (ppm) 0.85 (9H, t, 3J = 6.9 Hz, OCH2CH2(CH2)5CH3), 1.22 (30H, br, 

overlapping signal, OCH2CH2 (CH2)5CH3), 1.55 (6H, p, 3J = 5.5 Hz, OCH2CH2(CH2)5CH3), 3.94 
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(6H, t, 3J = 6.2 Hz, OCH2CH2(CH2)5CH3), 6.24 (1H, s, CH),  6.91 (3H, d, 3J = 9.0 Hz, Ar-H), 

7.69 (3H, d, 4J = 2.7 Hz, Ar-H), 8.19 (3H, dd, 3J =  9.2 Hz, 4J=  2.9 Hz, Ar-H).  Calculated for 

C43H61N3O9: C 67.69, N 5.50, H 8.05. Found C 67.60, N 5.49, H 8.21. 

Preparation of 3,3',3''-methanetriyltris(4-methoxyaniline), 2-8 This molecule was 

prepared following a literature procedure with a slight modification.85 Tris(2-methoxy-5-

nitrophenyl)methane, 2-6 (1.0 g, 2.13 mmol), was dissolved in 125 mL of absolute ethanol. Zn 

dust (14.46 g, 221 mmol) was added to the solution. While stirring the mixture, CaCl2.2H2O 

(1.156 g, 7.86 mmol) was dissolved in minimum volume of water and added slowly to the 

mixture. The final mixture was refluxed overnight. The solution was then filtered and the solids 

were washed with ethanol. Saturated NaHCO3 solution (200 mL) was added to the filtrate, which 

was then stirred for 30 minutes. The solution was extracted with CH2Cl2 (2 x 200 mL). The 

organic layer was washed with water (3 x 200 mL), dried over Na2SO4, and the solvent was 

removed to give 2-8 as solid. Yield: 0.40 g, (50 %). 1H NMR (CD3CN): δ (ppm) 3.56 (9H, s, 

CH3), 3.66 (6H, br, Ar-NH2), 6.12 (3H, d, 4J = 3.0 Hz, Ar-H), 6.13 (1H, s, CH), 6.44 (3H, dd, 3J 

= 8.3  Hz, 4J= 2.9 Hz, Ar-H), 6.69 (3H, d, 3J = 8.7 Hz, Ar-H). Calculated for C22H25N3O3: C 

69.64, N 11.07, H 6.64; Found: C 69.54, N 10.85, H 6.78. 

Preparation of 3, 3', 3''-methanetriyltris(4-(octyloxy)aniline, 2-9: The synthetic route 

for 2-9 was very similar to that of 2-8 with the exception that higher mole ratio of Zn dust and 

CaCl2.2H2O were used. After preparing a solution of tris(5-nitro-2-(octyloxy)phenyl)methane, 2-

7, (1.0 g, 1.309 mmol), Zn dust (10.27 g, 157 mmol) in 125 mL of ethanol, CaCl2.2H2O (1.32 g, 

8.98 mmol) solution, prepared in minimum amount of water, was added dropwise. The resulting 

solution was refluxed over night. The solution was filtered and washed with ethanol. A 200 ml 

saturated solution of NaHCO3 was prepared and added to the filtrate. The final solution was 
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stirred for 30 minutes. The solution was extracted with CH2Cl2 (2 x 200 mL). The organic layer 

was extracted with water (3 x 200 mL) and dried over Na2SO4. The solvent was removed to 

dryness to give 2-9. Yield: 0.55 g, (62 %). 1H NMR (CD3CN): δ (ppm) 0.87 (9H, 3J = 6.8 Hz, 

OCH2CH2(CH2)5CH3), 1.26 (30H, br, two broad overlapping peaks , OCH2CH2 (CH2)5CH3), 

1.54 (6H, br, OCH2CH2(CH2)5CH3), 3.63 (6H, br Ar-NH2), 3.71 (6H, t, 3J = 6.5 Hz, 

OCH2CH2(CH2)5CH3), 6.10 (3H, d, 4J = 3.0 Hz, Ar-H), 6.28 (1H, s, CH), 6.39 (3H, dd,  3J = 8.4  

Hz, 4J= 2.7 Hz, Ar-H), 6.63 (3H, d, 3J = 8.7 Hz, Ar-H).  

Preparation of N2, N2', N2''-(3, 3', 3''-(6, 6', 6''-methanetriyltris(2, 4-di-tert-

butylbenzene-6, 1-diyl)tris(oxy))tris(propane-3, 1-diyl))tris(N6, N6-diethylpyridine-2, 6-

dicarboxamide), 2-10: A mixture of 6-(N, N-diethylcarbamoyl)pyridine-2-carboxylic acid, 2-8, 

(0. 93 g, 4.13 mmol), PyBOP90 ( 2.39 g, 5,57 mmol), N, N-diisopropylethylamine (1.38 mL, 8.33 

mmol) and 3, 3', 3''-(6, 6', 6''-methanetriyltris(2, 4-di-tert-butylbenzene-6, 1-

diyl)tris(oxy))tripropan-1-amine, 2-1, 1.00 g, 1.25 mmol)  was stirred in anhydrous DMF (25 

mL) at room temperature for 22 hours. 100 mL of 10% HCl solution was added and the mixture 

was stirred for 1 hour. The resulting precipitate was isolated by filtration and then dissolved in 

ether. The ether solution was washed with 1 M HCl solution (3 x 200 mL), 1 M NaOH (3 x 200 

mL), and finally once with 200 mL of brine solution. The organic layer was dried over Na2SO4 

and concentrated. The resultant oily residue was treated with a few milliliters of pentane and a 

few drops of acetone and the product precipitated as a white solid. Yield: 0.98 g, (56 %). 

Diffusion of pentane into an ether solution of the ligand gave crystals suitable for X-ray analysis. 

1H NMR (CDCl3) : δ (ppm)  1.12  (9H, t, 3J = 7.2 Hz, CONCH2CH3), 1.18-1.23 (coinciding 

peaks 9H, t, CONCH2CH3 with 27H, s, Ar-(CCH3)3) ,1.34 (27, s, Ar-C(CH3)3), 2.16 (6H, p, 3J = 

6.9 Hz, Ar-O(CH2CH2CH2)NH), 3.25 (6H, q, 3J = 7.2 Hz, CONCH2CH3 ), 3.46 (6H, q, 3J = 7.2 
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Hz, CONCH2CH3), 3.62 (6H, t, 3J = 6.1 Hz, Ar-O(CH2CH2CH2)NH), 3.73 (6H, q, 3J =7.3 Hz, 

Ar-O(CH2CH2CH2)NH), 6.44 (1H, s, CH), 7.17 (6H, s, Ar-H), 7.64 (3H, dd, 3J = 7.6 Hz, 4J = 1.2 

Hz, Py-H), 7.90 (3H, t, 3J = 7.7 Hz,  Py-H), 8.17 (3H, dd, 3J = 7.7 Hz, 4J = 1.0 Hz, Py-H), 8.24 

(3H, t, 3J = 5.7 Hz, Ar-O(CH2CH2CH2)NH). Calculated for C85H121N9O9: C 72.26, N 8.92, H 

8.63; Found: C 72.02, N 8.77, H 8.86. ESI-FT-ICR-MS m/z 1412.9371 for [C85H121N9O9+H]+. 

Expected:1412.9321. 

Preparation of N2, N2', N2''-(2, 2', 2''-(6, 6', 6''-methanetriyltris(2, 4-di-tert-

butylbenzene-6, 1-diyl)tris(oxy))tris(ethane-2, 1-diyl))tris(N6, N6-diethylpyridine-2, 6-

dicarboxamide), 2-11: A solution of 6-(N, N-diethylcarbamoyl)pyridine-2-carboxylic acid, 2-8 

(0.98 g, 4.39 mmol), 2, 2', 2''-(6, 6', 6''-methanetriyltris(2, 4-di-tert-butylbenzene-6, 1-

diyl)tris(oxy))triethanamine, 2-2, (1.00 g, 1.32 mmol), PyBOP90 (2.51 g, 4.83 mmol) and N, N-

diisopropylethylamine (1.45 mL, 8.79 mmol) was prepared in 25 mL anhydrous DMF and was 

stirred for 22 hours at room temperature. 100 mL of 10% HCl solution was prepared and added 

to the mixture. The resulting solution was stirred for 1 hour. The precipitate formed after the 

addition of HCl solution was filtered and then dissolved in ether. The ether solution was 

extracted with 1 M HCl solution (3 x 200 mL), 1 M NaOH (3 x 200 mL), and with 200 mL of 

brine solution. The ether layer was dried over Na2SO4 and concentrated. The oily residue was 

treated with pentane to give pure, white product. Yield: 0.80 g, (44 %). 1H NMR (CDCl3): δ 

(ppm) 1.05  (9H, t, 3J = 7.0 Hz, CONCH2CH3), 1.14 (9H, t,  3J = 7.2 Hz CONCH2CH3), 1.22 

(27H, s, Ar-(CCH3)3), 1.26 (27H, s, Ar-C(CH3)3), 3.32 (6H, q, 3J = 7.2 Hz, CONCH2CH3 ), 3.45 

(6H, q, 3J = 7.1 Hz, CONCH2CH3), 3.69 (6H, v. br. s. OCH2CH2), 4.31 (6H, v. br. s. OCH2CH2), 

6.66 (1H, s, CH), 7.17 (3H, d, 4J = 2.3 Hz, Ar-H),  7.33 (3H, d, 4J = 2.6 Hz, Ar-H),   7.66 (3H, 

dd, 3J = 7.9 Hz, 4J = 1.2 Hz, Py-H), 7.91 (3H, t, 3J = 7.9 Hz,  Py-H), 8.27 (3H, dd, 3J = 7.7 Hz, 4J 
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= 1.0 Hz, Py-H), 8.52 (3H, t, 3J = 6.0, Ar-O(CH2CH2CH2)NH).Calculated for C82H115N9O9: C 

71.84, N 9.20, H 8.46; Found: C 71.37, N 8.93, H 8.71. ESI-FT-ICR-MS m/z 1369.8822 for 

[C82H115N9O9]+. Expected: 1369.8818. 

Preparation of N2, N2', N2''-(2, 2', 2''-(6, 6', 6''-methanetriyltris(2, 4-di-tert-

butylbenzene-6, 1-diyl)tris(oxy))tris(ethane-2, 1-diyl))tris(N6, N6-diisopropylpyridine-2, 6-

dicarboxamide), 2-12:  Starting with 6-(N, N-diisopropylcarbamoyl)pyridine-2-carboxylic acid, 

2-9, (1.10 g, 4.40 mmol), 2, 2', 2''-(6, 6', 6''-methanetriyltris(2, 4-di-tert-butylbenzene-6, 1-

diyl)tris(oxy))triethanamine, 2-2, (1.00 g, 1.32 mmol), PyBOP90 (2.52 g, 4.83 mmol) and N, N-

diisopropylethylamine (1.45 mL, 8.79 mmol) a solution was prepared in 25 mL anhydrous DMF. 

After stirring the solution for 22 hours at room temperature, 100 mL of 10% HCl solution was 

added.  The final solution was stirred for 1 hour. A precipitate formed after the addition of HCl 

solution which was then filtered and dissolved in ethyl acetate. The ethyl acetate solution was 

washed with 1 M HCl solution (3 x 200 mL), 1 M NaOH (3 x 200 mL), and finally with 200 mL 

of brine solution. After drying the ethyl acetate layer over Na2SO4, the solvent was removed. The 

oily residue was treated with pentane to give pure, white solid product, 2-12. Yield:  1.24 g, (65 

%). 1H NMR (CDCl3): δ (ppm) 1.09 (18H, d, 3J = 6.6 Hz, CONCH(CH3)CH3), 1.18 (27H, s, Ar-

C(CH3)3), 1.22 (27H, s, Ar-C(CH3)3), 1.41 ((18H, br, CONCH(CH3)CH3), 3.42 (3H, hept., 3J = 

4.4 Hz, CONCH(CH3)CH3), 3.56 (6H, br, Ar-O(CH2CH2)NH), 3.73 (3H, hept., 3J = 5.8 Hz, 

CONCH(CH3)CH3), 4.39 (6H, br, Ar-O(CH2CH2)NH), 6.62, (1H, s, CH), 7.13 (3H, d, 4J = 2.4 

Hz, Ar-H), 7.25 (3H, 4J = 2.4 Hz, Ar-H), 7.21 (3H, dd, 3J = 7.7 Hz, 4J = 1.1 Hz, Py-H), 7.87 (3H, 

t, 3J = 7.8 Hz,  Py-H), 8.23 (3H, dd, 3J = 7.7 Hz, 4J = 1.1 Hz, Py-H), 8.44 (3H, t, 3J = 6.2 Hz, Ar-

O(CH2CH2)NH). Calculated for C88H127N9O9: C 72.64, N 8.66, H 8.80; Found: C 72.40, N 8.52, 

H 9.02. ESI-FT-ICR-MS m/z (C88H127N9O9+H)+= 1455.9983. Expected: 1454.9829. 
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Preparation of N2, N2', N2''-(3, 3', 3''-methanetriyltris(4-methoxybenzene-3, 1-

diyl))tris(N6, N6-diethylpyridine-2, 6-dicarboxamide), 2-13: The mixture of 3, 3', 3''-

methanetriyltris(4-methoxyaniline), 2-6, (1.69 g, 4.45 mmol), 6-(N, N-

diethylcarbamoyl)pyridine-2-carboxylic acid, 2-8, ( 3.30 g,  14.78 mmol), PyBOP90 ( 8.51 g, 

20.17 mmol), N, N-diisopropylethylamine (4.9 mL, 29.57 mmol) was dissolved in 25 mL 

anhydrous DMF. The solution was stirred at room temperature for 22 hours. To this solution, 100 

mL of 10% HCl solution was added.  After stirring for 1 hour, the precipitate that formed after 

the addition of HCl solution was removed by filtration and dissolved in ethyl acetate. Following 

the extraction of the ethyl acetate solution by 1 M HCl solution (3 x 200 mL), 1 M NaOH (3 x 

200 mL), and with 200 mL of brine solution, the organic layer was dried over Na2SO4. After 

removing the solvent, the solid product was washed with methanol then with an acetone-pentane 

mixture, and filtered to give pure solid product, 2-13. Yield: 1.88g, (43 %). 1H NMR (CDCl3): δ 

(ppm) 1.04 (9H, t, 3J = 6.9 Hz, NCH2CH3), 1.10 (9H, t, 3J = 7.2 Hz, NCH2CH3), 3.20 (6H, q, 3J 

= 6.9 Hz, NCH2CH3), 3.39 (6H, q, 3J = 7.1 Hz, NCH2CH3), 3.71 (9H, s, Ar-OCH3), 6.38 (1H, s, 

CH), 6.61 (3H, d, 3J = 2.4 Hz, Ar-H), 6.91 (3H, d, 3J = 9.0 Hz, Ar-H), 7.71 (3H, dd, 3J = 7.8 Hz, 

4J = 1.2 Hz, Py-H), 7.94 (3H, t, 3J = 8.0 Hz, Py-H), 8.13 (3H, dd, 3J = 8.9, 4J = 2.6 Hz, Ar-H), 

8.25 (3H, dd, 3J = 7.7 Hz, 4J = 1.1 Hz, Py-H), 9.56 (3H, s, Ar-NH). ESI-FT-ICR-MS m/z 

(C55H61N9O9 + H)+= 992.4719. Expected: 992.4665. 

Preparation of N2, N2', N2''-(3, 3', 3''-methanetriyltris(4-methoxybenzene-3, 1-

diyl))tris(N6, N6-diisopropylpyridine-2, 6-dicarboxamide), 2-14: A mixture of 3, 3', 3''-

methanetriyltris(4-methoxyaniline), 2-6 (0.59 g, 1.56 mmol), 6-(N, N-

diisopropylcarbamoyl)pyridine-2-carboxylic acid, 2-9, (1.3 g, 5.19 mmol), PyBOP90 ( 2.92 g, 

6.92 mmol), N, N-diisopropylethylamine (1.71 mL, 10.32 mmol) in 25 mL anhydrous DMF was 
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stirred at room temperature for 22 hours. A 100 mL of 10% HCl solution was prepared and 

added to the solution. The resulting solution was stirred for 1 hour and filtered to separate the 

precipitate formed after the addition of HCl solution. The precipitate was dissolved in 

dichloromethane and extracted by 1 M HCl solution (3 x 200 mL), 1 M NaOH (3 x 200 mL), and 

with 200 mL of brine solution. After drying the organic layer over Na2SO4, dichloromethane was 

removed and the solid residue was washed with methanol to give 2-14 as pure solid. Yield: 0.54 

g, (32 %). Diffusion of pentane into a THF solution of the ligand gave crystals suitable for X-ray 

analysis. 1H NMR (CDCl3): δ (ppm) 1.00 (18H, d, 3J = 6.6 Hz, CONCH(CH3)CH3), 1.34 (18H, 

d, 3J = 6.6 Hz, CONCH(CH3)CH3), 3.36 (3H, hept., 3J = 6.5 Hz, CONCH(CH3)CH3), 3.71 (9H, 

s, Ar-OCH3), 3.85 (3H, hept., 3J = 7.2 Hz, CONCH(CH3)CH3), 6.34 (1H, s, CH), 6.50 (3H, d, 3J 

= 2.7 Hz, Ar-H), 6.90 (3H, d, 3J = 9.0 Hz, Ar-H), 7.65 (3H, dd, 3J = 7.8 Hz, 4J = 1.2 Hz, Py-H), 

7.93 (3H, t, 3J = 7.8 Hz, Py-H), 8.18 (3H, dd, 3J = 8.9 Hz, 4J = 2.6. Hz, Ar-H), 8.22, (3H, dd, 3J = 

8.1 Hz, 4J = 0.9 Hz, Py-H), 9.61 (3H, s, Ar-NH). ESI-FT-ICR-MS m/z (C61H73N9O9+H)+ = 

1076.5643. Expected: 1076.5604.  

Preparation of N2, N2', N2''-(3, 3', 3''-methanetriyltris(4-(octyloxy)benzene-3, 1-

diyl))tris(N6, N6-diethylpyridine-2, 6-dicarboxamide), 2-15: A mixture of 3, 3', 3''-

methanetriyltris(4-(octyloxy)aniline, 2-7, (0.97 g , 1.44 mmol), 6-(N, N-

diethylcarbamoyl)pyridine-2-carboxylic acid, 2-8, (0.97 g, 4.36 mmol), PyBOP90 (2.50 g, 5.93 

mmol), and N, N-diisopropylethylamine (1.44 mL, 8.69 mmol) were stirred in 25 mL anhydrous 

DMF for 22 hours at room temperature. After the addition of 100 mL of 10% HCl solution to the 

reaction mixture, the resulting mixture was stirred for 1 hour. In order to separate the precipitate 

formed after the addition of HCl solution, the solution was filtered. The precipitate was dissolved 

in dichloromethane which was then extracted by 1 M HCl solution (3 x 200 mL), 1 M NaOH (3 
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x 200 mL), and with 200 mL of brine solution. The organic layer was dried over Na2SO4 and the 

solvent was removed. The residue was washed with pentane to give brown solid. The brown 

solid was further purified by column chromatography by using basic alumina with 4% methanol: 

ethyl acetate solution. Yield: 0.92 g, (56 %). 1H NMR (CDCl3): δ (ppm) 0.83 (9H, t, 3J = 6.9 Hz, 

OCH2CH2(CH2)5CH3), 1.06 (18 H, multiplet coinciding with the broad peak at 1.18, NCH2CH3), 

1.18 (30H, br, overlapping with the multiplets at 1.06, OCH2CH2(CH2)5CH3), 1.72 (6H, br, 

OCH2CH2(CH2)5CH3), 3.21 (6H, q, 3J = 7.2 Hz, NCH2CH3), 3.38 (6H, q, 3J = 7.2 Hz, 

NCH2CH3), 3.84 (6H, t, 3J = 6.4 Hz, OCH2CH2(CH2)5CH3), 6.49 (1H, s, CH), 6.58 (3H, d, 3J = 

3.0 Hz, Ar-H), 6.85 (3H, d,  3J = 8.7 Hz, Ar-H), 7.72 (3H, dd, 3J = 7.8 Hz, 4J = 0.9 Hz, Py-H), 

7.94 (3H, t, 3J = 7.8 Hz, Py-H), 8.11 (3H, dd, 3J = 9.0 Hz, 4J = 2.4 Hz, Ar-H), 8.30 (3H, dd, 3J = 

8.1 Hz, 4J = 1.0 Hz, Py-H), 9.55 (3H, s, Ar-NH). ESI-FT-ICR-MS m/z (C76H103N9O9+H)+ = 

1286.8074. Expected: 1286.7951.  

Preparation of N2, N2', N2''-(3, 3', 3''-methanetriyltris(4-(octyloxy)benzene-3, 1-

diyl))tris(N6, N6-diisopropylpyridine-2, 6-dicarboxamide), 2-16: Synthesis of this ligand was 

also carried out with the common method of the coupling reagent PyBOP.90  A  solution with 3, 

3', 3''-methanetriyltris(4-(octyloxy)aniline, 2-7, (1.22 g, 1.60 mmol), 6-(N, N-

diisopropylcarbamoyl)pyridine-2-carboxylic acid, 2-9, (1.37 g, 5.47 mmol), PyBOP90 (3.14 g, 

7.45 mmol), and N, N-diisopropylethylamine (1.81 mL, 10.92 mmol) was prepared in 25 mL 

anhydrous DMF and was stirred for 22 hours at room temperature. After adding 100 mL of 10 % 

HCl solution, the final solution was stirred for 1 hour. During stirring in acid solution, a 

precipitate formed which was later filtered and dissolved in dichloromethane. The organic layer 

was washed with 1 M HCl solution (3 x 200 mL), 1 M NaOH (3 x 200 mL), and with 200 mL of 

brine solution. After the organic layer was dried over Na2SO4, the solvent was removed and the 
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residue was washed with pentane and dried to give 2-16 as brown solid. Yield: 1.49 g, (68 %). 

1H NMR (CDCl3): δ (ppm)  0.83 ( 9H, t, 3J = 6.9 Hz, Ar-O(CH2)7CH3),  1.00 (18H, d, 3J = 6.9 

Hz, CONCH(CH3)CH3), 1.17 (30H, br, OCH2CH2(CH2)5CH3), 1.33 (18H, d, 3J = 6.3 Hz, 

CONCH(CH3)CH3), 1.79 (6H, br, OCH2CH2(CH2)5CH3), 3.35 (3H, hept., 3J = 6.4 Hz, 

CONCH(CH3)CH3), 3.56 (3H, br, hept., CONCH(CH3)CH3),  3.83 (6H, t, 3J = 6.2  Hz, Ar-

OCH2(CH2)6CH3) 6.46 (1H, s, CH), 6.48 (3H, d, 3J = 2.7 Hz, Ar-H), 6.84 (3H, d, 3J = 9.0 Hz, 

Ar-H), 7.65 (3H, dd, 3J = 7.8 Hz, 4J = 1.0 Hz, Py-H), 7.93 (3H, t, 3J = 7.8 Hz, Py-H), 8.17 (3H, 

dd, 3J = 8.6 Hz, 4J = 2.6 Hz, Ar-H), 8.22, (3H, dd, 3J = 7.9 Hz, 4J = 1.0 Hz, Py-H), 9.60 (3H, s, 

Ar-NH). 

 

N
O O

N N

N

O

O

N

N

N

3

N

O

O

N

N

N

3

A

B C  
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Figure 2-2 Structures of some recently studied DPA ligands.A) tetra-n-butyl DPa, B) N,N’-
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CHAPTER 3 
EXTRACTION EFFICIENCIES OF C3-SYMMETRIC NONADENTATE LIGAND SYSTEMS 

WITH LANTHANIDE (III) CATIONS IN ACIDIC MEDIUM 

3.1 Introduction 

Treatment of highly radioactive nuclear waste is a challenging scientific problem. The 

reason that makes it so challenging is that highly acidic waste contains chemically similar 

trivalent lanthanide and actinide cations as a mixture which makes the transmutation of the 

actinides impossible.  

Scientific research studies have been focused on developing new methods for the 

separation of these metal ions. Although numerous extractants have been developed for the 

selective separation of actinides from lanthanides in highly acidic media, none of the extractants 

has been suitable for industrial processing. In order to be applicable for industrial processing a 

ligand must be incinerable, stable both to acidic and highly radioactive conditions, and be able to 

extract actinides selectively and quantitatively from nuclear waste. The extractants that have 

been studied so far lack one or two of these requirements for the nuclear waste treatment.  

Since water and/or acid coordination and the solubility of the metal complex in the organic 

phase are also important factors in extractions, it is not possible to predict how efficient the 

target ligand will be without doing the extraction experiments. As a result, the research towards a 

proper ligand is a trial and error process involving extraction experiments with each ligand 

prepared. 

Extraction experiments are performed in acidic solutions containing actinides and/or 

lanthanides that mimic nuclear waste solutions. The extractant is dissolved in an immiscible 

organic solvent and is expected to react with the metal ions when in contact with the aqueous 

phase and in this way pull the metals into the organic layer. 
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In the previous chapter, C3-symmetric nonadentate ligand systems with asymmetric DPA 

groups bearing both pyridine and diamide groups were introduced. The goal of  this ligand 

design was to take advantage of both the pyridine and diamide groups for their individual 

extraction properties reported in the literature in addition to the advantage of preorganization 

imported by introducing them to the triphenoxymethane platform. In this chapter the results of 

the extraction experiments with all the prepared ligands are discussed. The effect of different 

types of triphenoxymethane platforms were also analyzed for the extraction experiments. NMR 

scale extraction experiments were performed with 2-13 and the results will be presented for this 

experiment. Two metal complexes of 2-10 were prepared and the crystal structures of these 

complexes will be depicted as well as solid state structures of 2-10, 2-13, and 2-14. Extraction 

experiments were performed in three different solvents for each ligand. In order to see the effect 

of a synergist, extraction experiments were also performed with COSAN solutions. The results 

with and without COSAN will also be discussed in this chapter. 

3.2 Results and Discussion 

3.2.1 Extraction Experiments 

Extraction experiments were performed according to the given procedure.77 For the 

extraction experiments standard solutions of 1x10-4 M lanthanide (III) were prepared in 1 M 

nitric acid solution. A total of eleven cations from the lanthanide series were used for the 

extractions which are La, Ce, Pr, Nd, Eu, Gd, Tb, Dy, Er, Tm, and Yb. Their concentrations were 

determined by UV-Vis spectroscopy at 655 nm with Arsenazo (III) salt. Arsenazo (III) salt is a 

dye with which lanthanide (III) ions form complexes at 2.8 pH. These complexes have an 

absorbance at 655 nm enabling determination of the concentrations of the complexes. For the 

extraction experiments not involving COSAN, 1x10-3 M ligand solutions were prepared in either 

CH2Cl2 or 1-octanol. Extraction experiments involving COSAN required 1, 2-dichloroethane 
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because COSAN is obtained as cesium salt (Cs(COSAN), hexachlorobis (1, 2dicarbollide) 

cobaltate cesium salt) which is soluble in this solvent. To increase the solubility of COSAN for 

the extraction experiments, the cesium COSAN salt must be converted in HCOSAN. For this 

purpose, the required amount of Cs (COSAN) was dissolved in 1, 2-dichloroethane, and this 

solution was extracted repeatedly with 3 M H2SO4 solution to produce HCOSAN. Once 

HCOSAN solution was prepared, the required amount of ligand was dissolved in this solution to 

prepare the HCOSAN-ligand mixture.   

Equal volumes of the organic phase and the aqueous phase were shaken together for 16 

hours. After phase separation, Arsenazo (III) solutions of the aqueous layer were prepared and 

the concentrations of the remaining lanthanides in the aqueous layer were determined. The 

extraction percentages were calculated with the formula: %E = [(A1 – A)/ (A1- A0)] x 100. In this 

equation A0 is the absorbance of 1 M nitric acid solution without any metal, A1 is the absorbance 

of the solution before extraction and A is the absorption after the extraction. The distribution 

ratios of the metals were calculated as well with the following formula: D= Σ Morg/Maq. The 

extraction experiments were repeated three times to test their reproducibility. All the extraction 

data for each of the ligands is included in Appendix A.  

3.2.2.1 Extraction properties of the ligands with the upper side functionalized 
triphenoxymethane platform 

Two different derivatives of the upper side functionalized triphenoxymethane platform 

were used for the synthesis of the ligands. The first derivative, 2-1, is more flexible with three 

carbon linkers between the platform and the coordination site and the second derivative, 2-2, is 

more rigid having two carbon linkers between the platform and the binding site. By using these 

platforms, ligands 2-10, 2-11 and 2-12 were synthesized. Both 2-10 and 2-11 have ethyl 

substituents. On the other hand 2-12, synthesized with the two carbon linker triphenoxymethane 
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derivative, has isopropyl substituents. The isopropyl derivative was prepared to increase the 

lipophilicity of the ligand. In this way the solubilities of the complexes formed during the 

extractions were expected to increase in the organic phase. 

All these ligands showed similar extraction behaviors. They moderately extracted the 

lanthanides in CH2Cl2 solution. Experiments were performed with 1x10-3 M ligand and 1x10-4 M 

Ln concentration. Performing an experiment with 100:1 ratio of 2-10 to Ln (III) did not make 

any change and the extraction was still poor. To observe the solvent effect, the same extractions 

with 10: 1 ligand to metal ratio were repeated in 1-octanol with 2-10.  However, the extraction 

percent was approximately zero in this solvent. These experiments confirmed that these 

molecules did not extract metals from acidic solution efficiently when used alone. 

To investigate the effect of a synergist, an extraction experiment was performed with 

ligand 2-10 using COSAN in 1, 2-dichloroethane solution. In this experiment metal to COSAN 

to ligand ratios were 1: 10: 100. Unfortunately, there was not any extraction with this ligand even 

in the presence of COSAN.  

3.2.2.2 Extraction properties of the ligands with the lower side functionalized 
triphenoxymethane platform 

In the literature it is reported that extraction properties of the calixarenes change depending 

on the functionalization of the upper (wide) or lower (narrow) rim.2 The extraction performances 

of wide rim functionalized calixarenes with CMPO groups were better than narrow rim 

functionalized calixarenes. The reason for this difference was believed to be the greater 

flexibility of the CMPO moieties provided by the wide rim when compared to the narrow rim.2 

Similarly, for the triphenoxymethane platform with CMPO ligand, extraction studies with both 

upper side functionalized77 and lower side functionalized 63 platforms were performed. To see 

the effect of using different type of platform, two different derivatives of the lower side 
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functionalized triphenoxymethane platforms were prepared. One of them has methyl protecting 

group and the other one has the octyl protecting group. The second one is more liphophilic than 

the first. For each of these platforms, both ethyl and isopropyl derivatives of the ligands were 

synthesized.  Ligands 2-13 and 2-15 are the ethyl derivatives of the methyl protected and octyl 

protected platforms, respectively.  Ligands 2-14 and 2-16 are the isopropyl derivatives of methyl 

and octyl protected platforms. The liphopilicity of the ligands increases in the order 2-13< 2-14< 

2-15 <2-16. 

The extraction experiments revealed that none of these ligands shows any extractability 

towards lanthanide (III) ions when used alone with 10: 1 ligand to metal ratio in CH2Cl2. They 

showed very similar behaviors to the upper side functionalized ligands. However, as indicated 

previously, Smirnov et al. also observed the same behavior with Daps.  

Ligands 2-15 and 2-16 are the bulkiest ligands which makes them the most liphophilic 

ligands in the series. Extraction experiments with these two ligands were performed in 1-octanol 

solution, in hopes of making the extracted metal complexes soluble in the organic phase to 

achieve better results. However, none of the ligands showed any extraction in 1-octanol.  

As none of the ligands extracted lanthanide (III) ions from acidic solutions when used 

alone, extraction experiments with the synergist COSAN were performed. According the 

experiments performed with COSAN in 1, 2-dichloroethane, except for 2-16, all the lower side 

functionalized ligands showed extractability. The efficiency of the extractions depends on the 

ratios of the COSAN: ligand: metal. 2-13 and 2-15 extract lanthanides 100 % without selectivity 

with 30: 10: 1 ratio of COSAN: ligand: metal.  However, when the ratio is 10: 1: 1, the extraction 

efficiencies of the ligands tend to drop. In the extraction data that are given for 2-13, 2-14 and 2-

15 for 1x10-3 M COSAN, 1x10-4 M ligand and 1x10-4 M Ln  the distribution ratios for 2-13 show 
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slight selectivity between the lighter and the heavier lanthanides. The distribution ratios of 2-14 

are similar to that of 2-13, but the selectivity is apparently better. In the case of 2-15, there is 

moderate extraction even in the presence of COSAN with the same concentration. Extraction 

experiments with the same conditions were performed for 2-16 as well, but this ligand did not 

show any extraction efficiency.  

These results indicate that the extraction performances of the ligands strongly depend on 

the amount of the synergist used and the type of the lower side functionalized triphenoxymethane 

platform. The platform with the methyl protecting group works efficiently both with the ethyl 

derivative, 2-13, and the isopropyl derivative, 2-14. However, with the octyl group protected 

platform, the efficiency drops significantly with 2-15 and the extraction ability becomes almost 

zero with 2-16 under the same conditions.  Insolubility of the metal complex being formed 

during extraction is the most likely reason for the problems related to the extractions with these 

ligands. In case of 2-15, although it shows moderate extraction with low concentration of 

COSAN and ligand concentration, when COSAN and ligand amounts are increased, it extracts 

metals 100 %. 

In order to determine the extraction abilities of 2-15 and 2-16 in different solvents, 

extractions were performed in 1-octanol solution with COSAN. Neither of the ligands showed 

any extraction under these conditions.  

These results clearly show that extraction efficiencies of the ligands are strongly dependent 

on the type of the triphenoxymethane platform, the concentration of the synergist and the solvent 

used during the extractions. Due to the high extraction abilities of 2-13, 2-14 and 2-15, under 

specific conditions mentioned for this particular ligand, these ligands are likely to be successful 
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candidates for the nuclear waste treatment. Therefore extraction experiments with the actinides 

must be performed to see their extraction capabilities with these metal cations.  

According to the results of Smirnov and his coworkers, DPA ligands show successful 

separations between the actinide (III) and lanthanide (III) cations. It is probable that our ligand 

systems, taking advantage of preorganization with the same moieties, may be even more 

successful for selectivity and distribution ratios. 

3.2.2.3 Following the extraction efficiency of 2-13 by NMR spectroscopy 

After having seen the high extraction efficiency of 2-13 with high distribution ratios for the 

lanthanides, NMR scale extractions were performed with this ligand with various concentrations 

of COSAN and the ligand in CD2Cl2. Lutetium was used as the metal because it is diamagnetic 

and therefore enables monitoring of extractions by NMR spectroscopy. First, an NMR spectrum 

of 1x10-2 M 2-13 solution in CD2Cl2 was taken. The ligand solution was then stirred with 1 M 

nitric acid solution for two hours. Since extractions are performed in strongly acidic solutions, it 

is possible that protonation or deformation of the ligand may occur. In this case, on the NMR 

timescale, protonation of the ligand is not observed. Overlaid spectra for these two particular 

cases are depicted in Figure 3-2. Having tested the stability of the ligand in the acid solution, a 

COSAN-ligand solution was stirred with the metal-containing nitric acid solution. To determine 

the efficiency of the extraction, different concentration ratios were used. When equal 

concentrations of COSAN, ligand and metal were used, the extraction did not go to completion 

according to the NMR spectrum. In addition to the peaks of C3-symmetric species formed, free 

ligand peaks were also observed.  With concentrations of  the ligand and of COSAN at one and a 

half times that of the metal, the same result with mixture of free ligand and the product was 

observed. Another trial was performed with the concentrations of both ligand and COSAN being 

three times that of the metal ion. In addition to the product, the excess ligand peaks were also 



 

72 

observed. The final trial was using equal concentrations of ligand and metal and three fold excess 

of COSAN. The NMR spectrum is given in Figure 3-1. It can be clearly seen that metal was 

extracted 100 %. Moreover, the new species formed is a C3-symmetric species. The very top 

spectrum, a, shows the aromatic region of the ligand before processing with acid. The middle 

spectrum, b, shows the aromatic region of the ligand after stirring in 1 M nitric acid. The last 

spectrum, c, shows the aromatic region of NMR spectrum of the species formed after stirring the 

1x 10-3 M  metal solution with  3x10-3 M COSAN and 1x10-3 M ligand solution in CD2Cl2.  

When these spectra are compared, it is seen that the singlet peak for the central carbon hydrogen 

is shifted from a[[roximately 6.40 ppm to 6.70 ppm after the extraction. The doublet peak 

originating from the triphenoxymethane platform around 6.80 ppm is shifted to 7.30 ppm. The 

second doublet seen around 6.95 ppm remains at the same location. The third aromatic peak for 

the triphenoxymethane platform is shifted from 8.02 ppm to 7.20 ppm. Aromatic peaks of the 

triphenoxymethane platform are not the only peaks shifted after the extraction; the pyridine 

peaks coming from the DPA groups are also shifted. The doublet of doublets around 7.70 ppm 

shifted to 8.10 ppm, the triplet peak at 8.00 ppm shifted to 8.55 ppm and the second doublet of 

doublet peak shifted from 8.25 to 8.40 ppm for the peaks coming from the of the ligand. The last 

singlet on the spectra corresponds to the aromatic NH peak. This peak is originally at 9.60 ppm 

and is slightly shifted to approximately 9.70 ppm after the extraction experiment.  

The NMR scale extraction experiments clearly showed the extraction of the metal (III) ions 

by the formation of the expected C3-symmetric complex. 

3.2.3 Solid State Structures of 2-10, 2-13, and [2-10 M]3+, (M=Tm, Yb) 

The crystal structures of 2-10 and its metal complexes with Tm and Yb are given in Figure 

3-2 and Figure 3-3, respectively.  Structural and preliminary refinement data are presented in 

Table 3-1 and selected bond lengths for the compounds are given in Table 3-2. The metals nicely 
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fit in the nonadentate coordination site of the ligand with two carbonyl oxygens and one nitrogen 

atom on each arm of the tripodal ligand coordinating to the metal. The geometry around the 

metal for both of the metal complexes is tricapped trigonal prismatic (TTP). The oxygens of the 

carbonyl groups at the coordination site are located in the triangular planes and the pyridine 

nitrogens that form bonds with the metal cap the faces of the triangular prism. Both complexes 

are C3-symmetric. In each of the structures one M (NO3)5
2- (M=Tm, Yb) and one NO3

- are 

present as counter ions to neutralize the [ML] 3+ moiety.  

Binding to the metal has little influence on the CO bond distance. The bond lengths of Ln-

O (amide) and Ln-N (pyridine) for different complexes of DPA are reported, and these bond 

lengths are standard with certain values.15 According to the literature, the bond lengths for Tb-O 

with the carbonyl groups is between 2.356- 2.415 Å and for the pyridine nitrogen and the metal 

bond, Tb-N, the given bond lengths are between 2.49- 2.54 Å. When the bond lengths of Tm and 

Yb with amide oxygen and pyridine nitrogen are compared with those of N, N, N’, N’-

tetraalkylpyridine-2, 6-dicarboxamide (ONO)-Ln type complexes reported in the literature, there 

is a close match. Some of the bond lengths are slightly shorter than the literature data within thud 

limits of acceptable error.  When metal-oxygen (M-O) bond lengths of the [2-10Tm]3+ complex 

are compared with those of the [2-10Yb]3+ complex, a slight decrease is observed due to the 

smaller size of Yb relative to Tm. A similar trend is observed with the metal-nitrogen (M-N) 

bond lengths of the two complexes.   

When the metal-oxygen bond lengths at the prism oxygens of the Yb complex are 

compared with the reported76 metal-oxygen bond lengths of  [Yb(H2O)9]3+, it is observed that the 

metal-oxygen bond lengths are slightly longer in Yb complex than those of the nonaaqua 

complex. The reported value for the oxygen distances of the [Yb(H2O)9]3+ is 2.302(2) Å.    
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Table 3-1. X-ray data for the crystal structures 2-10, 2-13, and the metal complexes of 2-10 with 
Tm and Yb. 

                                         2-10                 [2-10Tm]3+                 [2-10Yb]3+                 2-13                  

       crystal system            triclinic                triclinic                      triclinic                   triclinic 
       space group                   P-1                        P-1                             P-1                          P-1                
       a (Å)                           13.2708                12.3444                   12.3925                   11.8611 
       b (Å)                           20.2314                20.6250                   20.7800                   13.7400 
       c (Å)                           34.4564                 23.7115                  23.7387                   18.8106 
       α (deg)                       102.395                  65.668                    65.697                      96.6469 
       β (deg)                         95.514                  76.628                    76.299                      90.1072 
       γ (deg)                          98.011                  81.309                    81.289                     97.8883 
       Vc (Å3)                        8871.02               5441.03                  5402.77                    3015.690 
       μ(Mo Kα) (mm-1)           0.07                     1.84                         0.98                          0.06  

 
The average distance of the oxygens in the Yb complex is 2.34. Therefore there is only 

0.038 Å difference between the bond lengths of the oxygens. In the case of a previously studied 

C3-symmetric diglycolamide (DGA) complex this difference is 0.011 Å.76  In comparing the 

metal-nitrogen bond distances with the equatorial oxygens of the nonaaqua complex, the metal-

nitrogen bond distance is 0.068 Å shorter than that of the nonaaqua complex, which is reported 

to be 2.532(3) Å. The DGA complex however, is reported to have metal-oxygen bond distances 

0.103 Å shorter than the nonaaqua complex. 

The twist angles between the two triangular planes were also determined for both of the 

complexes. For the Yb complex it is 11.4° and for the Tm complex it is 9.6°. The trigonal prism 

is twisted by 15.2° in the Yb3+ DGA and this distortion away from the idealized TTP geometry 

increases with the size of the metal ion.76 Unfortunately, with 2-13 it was not possible to obtain 

single crystals with any Ln(III) due to solubility problems. 

When the two C3 symmetric complexes are compared although DGA ligand is more tightly 

bonded to the metal cation, the twist angle, which are the main criteria for the deviation from 

ideal trigonal prismatic geometry, for the DPA complex is lower. Therefore, nonadentate DPA 

provides a coordination site that is closer to the ideal for (TTP). 



 

75 

The extraction behavior of the nonadentate DGA ligand appears to be related to the 

distortion angle in such a way that extraction efficiency dropped with the increase of the twist 

angle.76 Unfortunately, nonadentate DPA ligand does not show that behavior.  When extraction 

results are considered, 2-10 showed moderate extraction towards lanthanides even in the 

presence of the synergistic COSAN. In the DGA system, although the solid state structure 

showed higher distortion relative to DPA system, the DGA ligand showed high extraction 

efficiency.  

To predict of extraction behavior of the ligands, another factor can be considered regarding 

the solid state structures of the ligands. It can be argued that tighter bonding of DGA system to 

the metal cation relative to DPA system makes the extraction efficiency higher for DGA system 

when compared to 2-10. However this discussion would not be relevant either because with the 

DGA system, it was determined in solid structure that Ce(III) complex has shorter metal-oxygen 

bond length than Yb (III) complex. The problem is that the extraction efficiency for Ce(III) is 

less relative to Yb(III) complex which has longer metal oxygen bond lengths and smaller twist 

angle.76  

It is difficult to correlate the extraction behavior of DPA directly to its solid state structure. 

Lack of crystal structure of the complexes with other derivatives of the ligand makes it even 

harder to make a conclusion. The extraction behavior of the ligand might be more related to 

solubility issues which will be discussed in the next section. 

A solid state structure of the lower side functionalized triphenoxymethane platform with 

the methyl protected derivative, with ethyl substituents, 2-13, was obtained.(Figure 3-4). The 

structure of this ligand is given in Figure 3-4. The X-ray data and the bond lengths of the 

carbonyl groups are depicted in Table 3-1 and Table 3-2, respectively. In X-ray data, three arms 
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with the pyridine-diamide moieties attached from the para positions of the phenyl groups of the 

triphenoxymethane platform are clearly observed. The DPA moieties are attached through their 

carbonyl groups to the NH groups of the triphenoxymethane platform. In the structure, the 

methyl groups of the methoxy groups are pointing toward the outer part of the platform. In this 

way they are as far away from each other as possible.  

Unfortunately, in spite of efforts to crystallize metal complexes of this ligand and the other 

derivatives of the lower side functionalized ligands, crystals suitable for X-ray analysis were not 

obtained. 

3.3 The Factors Affecting the Extraction Performance of Nonadentate Pyridine-2, 6-
dicarboxamide System  

Prediction of the extraction behavior of any ligand system is not easy because there are 

several factors at play. The structure of the extracted complex is not actually known. Moreover, 

the extractions are performed in organic diluent- aqueous acidic systems, which increase the 

factors contributing to the extraction process. There is competition between the organic solvent 

and the water in terms of solvation. There is also competition between the acid proton and the 

tripositively charged metal cation in terms of acting as a Lewis acid particularly for systems 

bearing basic groups such as amine or pyridines.  

All these factors affect the extraction efficiency of a ligand. Moreover, since the f-block 

elements can form complexes with a wide range of coordination numbers, the probability of 

determining the nature of the extracted species is low. Above all, the solubility of the ligand in 

the organic phase and of the resultant complex in both the aqueous and the organic phase are 

important to consider. 
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Table 3-2. Selected bond lengths (Å) for the 2-10, 2-13, and metal complexes of 2-10 with Tm 
and Yb. 

                                  2-10                  [20-10Tm]3+                  [2-10Yb]3+                  [2-13] 
C(1) O(1)                  1.241                     1.246                            1.247                   1.225 
C(2) O(2)                  1.244                     1.247                            1.267                   1.235 
C(3) O(3)                  1.213                     1.254                            1.256                   1.226 
C(4) O(4)                  1.245                     1.234                            1.243                   1.235 
C(5) O(5)                  1.264                     1.224                            1.218                   1.228 
C(6) O(6)                  1.241                     1.258                            1.222                   1.238 
M O(1)                                                    2.355                            2.324 
M O(2)                                                    2.350                            2.318 
M N(1)                                                    2.490                            2.475 
M O(3)                                                    2.328                            2.326 
M O(4)                                                    2.324                            2.350 
M N(2)                                                    2.471                            2.468 
M O(5)                                                    2.349                            2.358 
M O(6)                                                    2.366                            2.364 
M N(3)                                                    2.464                           2.458                                     

 

The extraction efficiencies of the ligands are strongly dependent on the solvent, the type of 

triphenoxymethane platform, the liphophilic character of the ligand system and the concentration 

of the synergist used. Among these, the effect of COSAN is the most important one because 

none of the ligands show any extraction towards lanthanide ions without COSAN in any solvent. 

COSAN is acting as a large liphophilic counter ion which renders the resultant complexes 

soluble in the organic phase such that transfer of the complex to the organic phase is facile. 

The type of triphenoxymethane platform used is also important. The liphophilicities of the 

ligands are closely related to the type of the tripohenoxymethane platform, which also greatly 

affects the solubility. All these considerations make the solubility a major factor in the 

determination of the extraction behaviors of the ligand systems. Starting with the 

triphenoxymethne platforms used in this study, the most polar is the methyl protected lower side 

functionalized triphenoxymethane platform. The second most polar is the octyl protected 

triphenoxymethane platform, and the least polar is the upper side functionalized 
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triphenoxymethane platform. The main objective of the extraction experiments in terms of 

solubility is to provide the right solubility environment for the complex formed. The most 

efficient ligand system of those studied is the methyl protected lower side functionalized 

triphenoxymethane platform with methyl protection. The ligands with this platform, both with 

ethyl and isopropyl derivatives, show high extraction performance with almost the same 

efficiency, the ethyl derivative being slightly more efficient than the isopropyl derivative. The 

extraction efficiency of the octyl derivative drops when compared to methyl protected 

derivatives under the same extraction conditions. The efficiency of the octyl protected ligand 

with the ethyl substituent is approximately 20%, while the methyl derivative extracts 100 %. The 

extraction efficiency of the octyl protected triphenoxymethane platform with isopropyl groups is 

almost zero. When the concentration of COSAN is tripled, the ethyl derivative of the octyl 

protected ligand works as efficiently as the methyl protected ligands. From this observation it is 

obvious that the problem is not the matter of having bulkier ligand that prevents the metal 

coordination, but rather the solubility. The isopropyl derivative of the octyl protected 

triphenoxymethane platform forms a complex which is too no polar in 1, 2-dichloroethane or in 

CH2Cl2. The same problem occurs with the upper side functionalized triphenoxymethane 

derivatives. Even in the presence of COSAN none of these ligands show any extraction towards 

lanthanides. Again, complex formed is too nonpolar to be extracted into the organic phase.   

Another problem of solubility related extraction inefficiencies is due to the solvent itself. 

In the extractions with 1-octanol, none of the ligands showed any extraction for the lanthanides, 

even in the presence of COSAN. The solvent is very nonpolar, and none of the ligands are able 

to provide the right solubility conditions to work efficiently. 
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Considering all the factors discussed above, solubility is most likely the reason for the 

different extraction behaviors of the ligand systems with nonadentate DPA ligand system. 

Although there are other factors, including different species being formed during the extraction 

process, and all the important points mentioned in the beginning of this section, solubility is most 

likely the one, depending on the experimental data and on the solid state structures of the two 

complexes discussed earlier. 

There is one important thing that needs to be pointed out. The DGA system studied 

previously shows the opposite trend in terms of extractions depending on the type of the 

triphenoxymethane platform when compared to DPA system. While the pyridine-2, 6-

dicarboxamide system shows good extractability with the lower side functionalized 

tiphenoxymethane system and shows poor extraction with upper side functionalized 

triphenoxymethane platform, the DGA system shows no extraction with the lower side 

functionalized triphenoxymethane platform and shows high extraction performance with upper 

side functionalized triphenoxymethane platform. This situation cannot be explained in terms of 

difficulties with the coordination site binding to the metal cation. Both ligands are capable of 

coordinating to the metal. The main difference between the two ligands is that DGA is more 

polar than DPA. Since the extracted complexes are soluble under only certain conditions 

depending on the counterions, the triphenoxymethane platform used and the solvent used during 

extractions, the differences of the polarities of these ligands may be playing an important role in 

terms of extraction behaviors. As discussed previously, the ideal ligand for high extraction 

efficiency with the DPA moiety is the methyl protected lower side functionalized 

triphenoxymethane platform. The other two platforms make the ligand too non-polar, and they 

tend to lose their extraction efficiencies. However, when more polar digylcolamide is attached to 
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the relatively less-polar upper side functionalized triphenoxymethane platform, the ideal 

condition is achieved in terms of solubility. However, with the more polar lower side 

triphenoxymethane platform the ligand is too polar and looses its extraction ability because the 

metal complex is no longer soluble. Regarding the DPA system, introducing this relatively more 

less-polar moiety with respect to DGA to the least polar triphenoxymethane platform, the ligand 

becomes too non-polar to extract the species forming during extraction. This discussion stems 

from the fact that lower side functionalized DPA ligands are soluble in solvents with a narrow 

range of polarity. As an example, methanol is too polar to be soluble in for 2-13 and diethyl ether 

is too nonpolar to be soluble in for the same ligand.  If the ligand is behaving this way, the 

complex formed will act parallel to it, and will have narrow range of solubility within the 

common solvents. 

3.3 Conclusion 

The ligand systems designed, bearing both pyridine and diamide moieties providing nine 

coordination sites with two different types of triphenoxymethane platforms were synthesized. 

The extraction properties of these ligands indicated that without a synergist they are not efficient. 

The upper side functionalized triphenoxymethane platform derivatives of the ligands were not 

efficient, even in the presence of the synergist COSAN. However, when the synergist COSAN is 

used with the lower side functionalized triphenoxymethane platform, the lanthanide cations are 

extracted up to 100 %. Due to solubility differences, octyl group protected triphenoxymethane 

derivatives are less efficient than the methyl protected triphenoxymethane platform derivatives. 

The extraction experiment for 2-13 was repeated on NMR scale and 100 % extraction can be 

clearly seen from the data when using a ratio of 3: 1: 1 of COSAN: ligand: Ln.  

To elucidate the efficiencies of these ligands with actinide (III) cations, experiments should 

be performed with these cations. 
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Crystal structures of 2-10 and its metal complexes with Tm and Yb were analyzed. The 

coordination site has tricapped trigonal prismatic geometry. The metal-oxygen and metal-

nitrogen bond lengths are in agreement with the literature data. The twist angles of the 

complexes are approximately 9° and 11° which is a negligible deviation from ideal TTP 

geometry. 

3.4 General Procedure for the Preparation of [2-10Ln] [Ln(NO3)5] [NO3] (Ln=Tm, Yb) 

A solution of 0.8 equiv. of Ln(NO3).xH2O in CH3CN was added to a solution of 1.0 equiv. 

of  2-10 in CH2Cl2 and the mixture was stirred overnight. The solvent was removed under 

vacuum and the solid residue was washed with ether and filtered. Slow diffusion of pentane into 

a CH2Cl2/CH3OH solution of the complexes afforded crystals suitable for X-Ray analysis. 

[2-10Ln] [Yb(NO3)5] [NO3]: Calculated for C85H121N15O27Yb2: C 48.95, N 9.48, H, 5.89; 

Found C 49.34, N 9.19, H 6.09. 

3.5 X-ray Crystallography 

 The crystal structure analyses of all molecules were performed by Dr. Michael J. Scott. 

Unit cell dimensions and intensity data were collected on a Siemens CCD SMART 

diffractometer at 173 K. The data collections were nominal over a hemisphere of reciprocal 

space, having a combination of three sets of exposures. Each set with a different ф angle covered 

0.3° in ω. The distance of the crystal to the detector was 5.0 cm. The correction of the data sets 

for absorption was achieved by SADABS by measurement of crystal faces. Bruker SHELXTL 

software package for the PC was used for solving the structures by applying either direct 

methods or Patterson functions in SHELXS. The space group determinations of the compounds 

were done from an examination of the systematic absences in the data.  
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Figure 3-1 NMR scale extraction data with 2-13. A) 1x10-2 M ligand in CD2Cl2, B) 1x10-2 M 

ligand after being stirred in 1 M nitric acid, C) C3-symmetric extracted complex 
formed after the extraction with 1x10-3 M Lu, 3x10-3 M COSAN and 1x10-3 M of 2-
13. 
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Figure 3-2 Crystal structure of 2-10. 

 

 

Figure 3-3 Crystal structures of [2-10 M]3+, M= Tm, Yb. 
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Figure 3-4 Crystal structure of 2-13. 
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CHAPTER 4 
INTRODUCTION 

 4.1 Porphyrins 

Porphyrin is a heterocyclic macrocycle that consists of four pyrrole units linked by four 

methine bridges from their α-carbons, as shown in Figure 4-1. The bridging methane carbons are 

called meso carbon atoms. The carbon atoms at the outer part of the pyrrole rings are called the 

β-carbon atoms.  

Free base porphyrins and their metal analogues play an important role in many biological 

processes, including absorption of sunlight and electron transfer for the initial step of 

photosynthesis91 and oxygen transport and storage taking place in hemoglobin.92 Porphyrins and 

their derivatives are also used as catalysts in industrial processes, and as photosensitizes in 

photodynamic therapy.93 They are important as organic semiconductors and nonlinear optical 

materials with their extended π-electron systems.94 They also form an important class of aromatic 

dyes.95  

Porphyrins have interesting spectroscopic properties96 which are affected by the type of the 

central metal atom, types of the substituents and their locations,97 and aromatic fusion of 

molecules to the porphyrin ring system. As a result the interest in the experimental and 

theoretical studies on the UV-Vis spectra of porphyrins has been increasing. 

4.2 Gouterman’s Four Orbital Model for the Spectroscopic Properties of Porphyrins 

The experimental near-UV-Vis absorption spectra of porphyrins exhibit a weak absorption 

in the visible region at approximately 550 nm which is referred to as Q band.98 In addition; there 

is a very strong absorption band at around 400 nm in the near-UV region. This band is called the 

Soret band or the B band.98 Both the Q and B bands result from π–π* transitions96 and are 

explained by Gouterman’s theory with four orbital model.99   According to four orbital model, 
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the Soret bands and the Q bands are taking place due to the transitions between the two top filled 

orbitals and the two lowest unoccupied orbitals of the porphyrins.99 

As it is seen in Figure 4-2a, for the perfect D4h symmetry the two top filled orbitals, 

HOMO-1 and HOMO orbitals, are accidentally almost degenerate and have a1u and a2u 

symmetries, respectively. These two orbitals have different electron participations and nodal 

structures.100 The meso-carbons of a2u orbital have high electron density but the electron 

participation on the β-carbons is very low. The situation is the opposite for the a1u orbital. The 

participation on the β-carbon atoms is very high and there is none on the meso carbon atoms.101 

The two lowest unoccupied orbitals (LUMO) are degenerate and have eg symmetry. The excited 

state configurations of these orbitals, as shown in Figure 4-2b, are a1u
1eg

1 (HOMO-11eg
1) and 

a2u
1eg

1 (HOMO1eg
1). The symmetries of these transitions are Eu in D4h point group and these 

transitions have two equivalent dipole transitions in the x and y directions.99 These 

configurations are nearly degenerate and they generate a strong configuration interaction (CI) 

which results in a high-energy state and a low energy-state.102 The high-energy state corresponds 

to the B-band and the low energy state corresponds to the Q band.102 Due to near degeneracy of 

these configurations, their contributions to Q and B bands are not equal.101 The lower energy 

configuration, a2u
1eg

1 (HOMO1 eg
1), has more contribution to the Q band and the higher energy 

configuration a1u
1eg

1 (HOMO-11 eg
1) has more configuration to the B band101 which is depicted 

in Figure 4-2c.  

Generally, Qx, Qy, Bx and By are used as labels for the individual components of the 

transition pairs. Qx
0, Qy

0, Bx
0, and By

0 are the labels for the pure electronic transitions. Qx
1, Qy

1, 

Bx
1, and By

1 are used for the vibronic overtones of the electronic transitions.99 In case of free 

base porphyrin, x and y axes are not equivalent and as a result Qx and Qy bands are split.99  
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Referring the pure electronic transitions of Q and B states of any porphyrin to Q0 and B0 

states;99 

                                                                           ][ 2/)()( 12210
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LHLH
Q

B

x

x
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                                 (4-2) 

In equations (4-1) and (4-2), (H1L2) defines singlet states for the transition H1 ⎯→⎯ L2, etc. 

These states take place when H1, H2 and L1, L2 are degenerate.99 Among the states considered, 

Q0 gives the forbidden visible band, and B0 gives the allowed UV bands. Assuming the states of 

different polarization does not mix; it is proven by perturbation theory that for the Q states of any 

porphyrin, for each of the polarization, the visible band becomes allowed with the break down of 

the equality of the transition energies.99 

When the free base formation is considered, the energies of the orbitals change. If the 

hydrogens are attached to the second and forth pyrrole nitrogens (Figure 4-1), then L2 will be 

lowered with respect to L1.99 It is harder to predict the situation for H1 and H2. As it is given in 

Figure 4-3, if H1 is lower in energy, then the energy of x polarized transitions will be close and 

the energy of the y polarized transitions will be different. As a result, Qy will be strong and Qx 

will be weak. In case of having H1 having higher energy and H2 having lower energy, the 

opposite trend will be observed.99  

The energetic ordering, the spacing and the molecular orbital (MO) amplitudes of the 

orbitals of any porphyrin change depending on the substituents.101, 103 Electron withdrawing and 

electron donating groups determine the stabilizations of the orbitals.101 While placing electron-

withdrawing groups at the meso carbons or inserting a metal ion to the pyrrole nitrogens 

stabilizes a2u (H2) orbital, placing electron-withdrawing groups on the β-pyrrole carbons 
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stabilizes a1u (H1) orbital.100 Thus prediction of the Q and the B bands depends totally on the 

stabilizations or destabilizations of the molecular orbitals with respect to the substituents.  

The transition dipoles of the individual transitions are combined by configuration mixing 

in such a way that B band has a strong intensity and Q band has a weak intensity.102  

Most theoretical calculations are in good agreement with this model, although some studies 

comment on the necessity of accounting for more transitions involving lower occupied and 

higher unoccupied orbitals in addition to Gouterman model orbitals.104 

4.3 Theory and Computational Chemistry 

4.3.1 General aspects of Quantum Chemistry 

It is not possible to interpret the spectroscopy, reactivity and the physical properties of a 

molecule without understanding the electron distribution in that molecule.105 Since classical 

mechanics can deal with only the macroscopic particles, for microscopic particles quantum 

mechanics (wave mechanics) was developed.106 

According to quantum mechanical approach to a system of N particles, all the properties 

of the system is in a wave function, ψ. This is a function of time and the coordinates of the N 

particles.105 The wave functions are the eigen functions of the Hamiltonian operator and as a 

result the energies are the eigen values of the Hamiltonian operator.105 The wave function is 

required to be continuous (including its partial derivatives), normalizable, and finite.106 Also the 

probability density represented by a particular wave function should be single-valued.106 In this 

way the eigen values of the operator will be meaningful for the properties of the chemical 

system. 

The wave function is time-dependent when time is included in the wave function. In 

order to see the future state of system from the knowledge of the present state, there should be an 

equation that shows how the wave function changes with time.106 This concept was pointed out 
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by Austrian physicist, Schrödinger. Since then, the equation is known as Schrödinger’s equation. 

The time-dependent Schrödinger equation is given in Equation 4-3.107 

                    ψψ
⎥
⎦

⎤
⎢
⎣

⎡
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h                             (4-3) 

In this equation, π2
h=h  where h is the Planck’s constant, 1−=i , m is the mass of the 

interacting particles, and V is the potential energy of the system. The equation has the first 

derivative of the wave function with respect to time and in this way future state of the system can 

be calculated if the wave function at time t0 is known.106 

The system is in stationary state when time is not included in the wave function 

explicitly. Then the wave function is said to be time-independent wave function.105 Time-

independent Schrödinger equation can be written by using the Hamiltonian given in equation 4-4 

assuming Born-Oppenheimer approximation.106 In this equation electrons and nuclei are 

assumed to be point masses and spin-orbit coupling and other relativistic effects have been 

neglected. 
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Here α and β present nuclei and i and j present electrons. The first term in the equation is 

the kinetic energy operator for the nuclei, the second term is the kinetic energy operator for the 

electrons, the third term refers to the repulsions between the nuclei, rαβ is the difference between 

nuclei α and β with atomic numbers Zα and Zβ.106 The forth term refers to the attractions between 

the electrons and the nuclei in which riα is the distance between electron i and nucleus α. The last 

term is the repulsion between the electrons and rij is the difference between electron i and 

electron j.106 

Time independent Schrödinger equation is as follows: 
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                        ),........,(),........,(ˆ
11 nn rrErrH rrrr ψψ =                                 (4-5) 

In this equation ir
r is the position of the ith electron and N is the total number of electrons 

present in the system. E represents the total electronic energy of the system.106 The main purpose 

of solving Schrödinger equation is to find the coordinates of atoms of the molecule that gives the 

minimum energy value, E0. However, it is very hard to solve the entire equation. The reason for 

the Schrödinger equation to be so complicated is that it consists of 3N electron Cartesian 

coordinates, N electron spin coordinates and 3N nuclear cartesian coordinates.106 In order to 

simplify the calculation of the Schrödinger equation, variation method is applied to the 

Schrödinger equation. In this way an approximation is applied to the equation for the ground 

state energy of the system.106 The main advantage of variation method is that it helps to calculate 

an upper bound for the ground state energy.106 The variational principle is defined by Equation 4-

6: 

                                    ≥
∫
∫

τψψ

τψψ

d

dH

*

ˆ*
E0                                               (4-6) 

In this equation, ψ is the trial function, ad E0 is the ground state energy. The lowest value 

of the integral gives the closest value of the energy the ground state energy.  

 Computation of accurate self-consistent-field (SCF) wave functions is an important 

development in computational chemistry.106 The wave function is written in terms of 

antisymmetrized product of spin-orbitals. Each spin orbital is a product of a spatial orbital φ and 

a spin function; either α or β.106 These spatial orbitals minimize the variational integral. They are 

calculated by solving the Hartree-Fock equations.106 given in equation 4-7. 

                                                   )1()1()1( iii
effH ϕεϕ =

∧

                                     (4-7) 
 In this equation εi is the orbital energy. The effective Hartree-Fock Hamiltonian operator 

is as shown in equation 4-8. 
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 The first term is the kinetic energy term for one electron and the second term is the 

potential-energy operator taking into account the attraction between one electron and the 

nuclei.106 Here jJ
∧

 is the Coulomb operator and 
∧

jK is the exchange operator106 which are 

depicted in equation 4-9 and 4-10, respectively.  
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                                  (4-10) 

 The Coulomb operator defines the potential energy of interaction between one electron 

and the second electron with electronic density 
2

)2(jϕ− . The factor 2 comes from the fact that 

there are two electrons in each spatial orbital.106 The exchange operator does not have physical 

interpretation but comes from the fact that the wave function needs to be antisymmetric with 

respect to electron exchange.106  

4.3.2 Basis Sets 

 Hartree-Fock calculation is the calculation for which SCF uses antisymmetrized spin 

orbitals. Hartree-Fock orbitals can be written linear combinations of a complete set of known 

functions, basis functions.106 The orbitals that are being used during calculations should be 

defining the shielding effects if the other electrons in the system, as a result they should follow 

certain rules for the effective atomic number.108 One of the most commonly used set of orbitals 

are Slater type orbitals (STO). In equation 4-11 the equation of STOs in polar coordinates are 

given.  

                                             ψn, l, m (r,θ, φ)= NYl,m(θφ)rn-1e-ξr                                      (4-11)   
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In this equation n is the principle quantum number, l is the angular momentum quantum 

number and m is the magnetic quantum number; Yl,m is a spherical harmonic.108 N is the 

normalization constant in the equation and the parameter ξ is defines as orbital exponent.106 

In order to make calculations simpler, another type of orbitals were proposed called 

Gaussian type orbitals (GTO). In equation 4-12, the equation of GTO is given in polar 

coordinates.106 

                             ψn, l,m (r,θ, φ)= NYl,m (θφ)rl 
2.re ζ−

                         (4-12) 
                   As in Stops, N is the normalization factor, Yl,m is the spherical harmonic and ξ is the 

orbital exponent. Unlike STOs with an exponential factor of exp(-ξr), GTOs have an exponential 

factor of exp(-ξr2).106 For smaller numbers of r, the Gaussian function defines the atomic orbital 

in a poor way because Gaussian functions do not have cusp when r is small. In order to 

overcome this deficiency, linear combinations of several Gaussians are used to define an atomic 

orbital as a result of which the number of integrals used in SCF calculation with GTOs is more 

than that of STOs.106 In spite of this fact, calculations with GTOs take less time than STOs 

because the product of two Gaussian functions at two certain points gives a single Gaussian at 

the third point.106  

 When the basis functions are considered, each molecular orbital is defined as a linear 

combination of one-electron orbitals centered on each atom.106 SCF calculations can be carried 

out by two different methods: Methods that use minimal basis set or methods that use extended 

basis set of atomic orbitals.106 A minimal basis set contains only inner shell and valence shell 

atomic orbitals. An extended basis set uses inner shell and valence shell atomic orbitals in 

addition to higher shell atomic orbitals.106 Minimal basis set calculations are easy but extended 

basis set calculations are more accurate.106 
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4.3.3 Density Functional Theory 

4.3.3.1 Hohenberg-Kohn theorems 

When the Schrödinger equation is considered that is discussed previously, for an N 

electron system, 3N coordinates are taken into account during calculations and due to electron-

electron interactions the equation cannot be reduced into simpler form.109 

 One-electron density matrix, given in equation 4-13, or the two electron density matrix, 

as in equation 4-14, describe most experimental observables.109  

        NNn rdrdrdrrrrrrrrNrr rrrrrrrrrrrrr ...),.....,,,'(),.....,,,(*)',( 323232
)1( ψψρ ∫=                 (4-13)                             

NNN rdrdrrrrrrrrNNrrrr rrrrrrrrrrrrrr ...)'....,,','(),....,,,(*
2

)1(',',,( 33213212121
)2( ψψρ ∫

−
=        (4-14) 

The electron density in position space is defined in equation 4-15. 

                                                          ),()( )1( rrr rrr ρρ =                                                  (4-15) 
According to Hohenberg and Kohn, the electron density )(rrρ  of the ground state defines 

the external potential Vext( rr ) so the electron density in three-dimensional space is enough to 

write the full Hamiltonian operator which will lead to the solution of the Schrödinger 

equation.109 Therefore any ground state property can be determined and any ground state 

property is considered to be a functional of )(rrρ .109 There is an important thing to be indicated 

at this point. This theorem is a theorem that proves the existence of the functionals but the 

theorem does not explain how to obtain these functionals.109 

The total electronic energy (E) is a ground state property and it is defined as a functional 

of electron density with respect to Hohenberg-Kohn theorem.109 This relation is given in 

equation 4-16. 

                                         E=E[ρ]                                                           (4-16) 
Also total number of electrons (N) are considered to a functional of ρ.109 This relation is 

given in equation 4-17. 
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                                      N= ∫ rdr rr)(ρ                                                     (4-17) 
Another relation that was proved by Hohenberg and Kohn is that any trial density 

obeying equation 4-17 also obeys the following equation, 4-18.109 

                                       [ ] [ ]ρρ EE ≥~                                                    (4-18) 
The relation given in equation 4-18 indicated that Hohenberg-Kohn theorems consider 

the calculation of the total electronic energy whenever variational principle is applied.109 

4.3.3.2 Kohn-Sham equations 

The total kinetic energy of the system is considered to be a ground state property and it is 

a kinetic energy functional of electron density,109 as seen in equation 4-19. 

                                                 T=T[ρ]                                                             (4-19) 
It is also possible to write the external potential and the classical Coulomb energy (Vc) as 

a function of density.109 They are given in equations 4-20 and 4-21, respectively. 

                                           rdrVr ext
rrr )()(∫ ρ                                                       (4-20) 

                             rdrrVrdrd
rr

rre
c

rrrrr
rr

rr

)()(
2
1)()(

2 21
21

21
2

ρ
ρρ

∫∫∫ =
−

                           (4-21) 

The total energy y functional, E[ρ], can be written as follows; 
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rrrr                      (4-22) 

The term with ξ[ρ] is called as the exchange-correlation energy functional and it contains 

all the non-classical interactions.109  

When variational principle is applied including the relation given in 4-20, via langrange 

multiplier, following equation is achieved; 

  ( )[ ] μ
δρ
δξ

δρ
δρμ

δρ
δ

=+++⇒=−− ∫ XC
cext rVrVTNrdrE )()(0)( rrrr                    (4-23) 

            This equation was compared with the one obtained that had N  interacting particles 

moving in another external potential Veff, the total density of both systems were determined to be 
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equal.109 As a result, equation 4-24 was achieved in which ][~ ρT  represents the kinetic energy of 

the non interacting particles. 
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               The Schrödinger equation for N particles can be solved easily because it can be 

separated into N equations in the following way;109 
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              And the total density of these N particles is given by equation 4-26. 
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             When equations 4-23 and 4-24 are compared following equations are derived;109 

            

)()()(

)()(
~

)()()(

rVrVrV

E
rVrVTTrVrVrV

XCcext

XC
Cext

XC
cexteff

rrr

rrrrr

++≡

++≡⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+++=

δρ
δ

δρ
δ

δρ
δ

δρ
δξ

         (4-27) 

                According to this equation; 
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         The total energy of the N individual electrons is basically sum of their indivi dual energies 

but it is not the same for the real system.109 The total energy of the real system is given in 

equation 4-29. 
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           This equation can also be written as; 
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             VXC  and EXC are electron density ( )(rvρ ) functionals and their relation with electron 

density is seen in Equation 4-28. VXC is defined as a function of three-dimensional position 
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coordinate but it is also dependent on the behavior of electron density, ( )(rvρ ).109 The precise 

form of VXC is not known.109 

 During calculations of a system homogenous electron gas is considered. This approach 

builds a simple system with accurate quantum mechanical calculations.109 However, for some 

systems in which electron distribution is not homogenous, local-density approximation (LDA) is 

used.109 In this approximation VXC , which is a function of the position coordinate rr , is 

calculated at point 'rr to find out what it would be at that point if it were homogeneous electron 

gas at that point.109 This approximation neglects the effects dues to variations in electron density, 

)(rvρ . On the other hand, this approach s parameter-free.109 Since during calculations for the 

properties of the system integrals over all the space are taken into account, some errors are 

averaged out.109  

 In some cases LDA calculations are not efficient for accurate results so non-local 

functionals are improved which are the functionals of [ ]ρ∇  and ρ2∇ as well as ρ.109 

 In order to achieve better results, there have been attempts to combine Hartree-Fock and 

DFT methodologies to make hybrid methods.109 among these attempts; the most successful one 

is with Becke’s three parameter exchange functional with Lee, Yang Parr (LYP) correlation 

effects. There have been accurate results with these functionals but calculations become more 

extended since the number of parameters increase with these functionals.109 The advantage of 

these approximate functionals is that they are parameter-free and they are general for all systems, 

atom types and structures.109 

4.3.4 Electronic Spectroscopy 

 When thee electric field component of radiation interacts with a molecular system, the 

radiation is absorbed by the molecule.105 The absorption takes place when the radiation matches 
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the energy difference between the quantized energy levels of different states of the molecule.105 

This change in the electronic state of the molecule takes place when an electron in the bonding or 

nonbonding molecular orbital of the molecule in its ground state is excited into an empty 

molecular orbital at higher energy.105 The Morse potential in Figure 4-4 shows the transitions for 

absorption and emission between the electronic ground and excited states.105 

 There are different methods to calculate the electronic transitions of the molecules. 

Configuration interaction is a common method among all these methods. Wave functions 

defining only single configuration are not true wave functions of the Hamiltonian operator since 

they do not contain electron correlation.110 The correlation is the contribution of the higher states 

to the state of interest with comparable symmetry.110 By the mixing of different excited state 

configurations, the wave function converges into the true wave function.110 

Another method for the calculation of excited states is the time dependent density 

functional theory (TDDFT). According to the central theorem of TDDFT (Runge-Gross 

theorem), there is a one-to-one correspondence between time-dependent potential, ),( trVext
r and 

the electronic density, ),( trrρ .111 As a result, if the density of a system is known, the external 

potential can be calculated. In this way Schrödinger equation can be solved.111 It is important to 

know the initial state of the system.  

In order to construct a time dependent Kohn-Sham scheme, noninteracting electrons under 

external local potential KSV .111 This potential is chosen in a way that the density of the 

noninteracting orbitals and the density of Kohn-Sham electrons are the same.111 The Kohn-Sham 

electrons follow the time-dependent Schrödinger equation given in equation 4-31. 
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Kohn-Sham Hamiltonian is given as follows;  
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To be able to calculate the density of the interacting system from the calculated Kohn-

Sham orbitals,111 equation 4-33 is used. 
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The time dependent Kohn-Sham potential is depicted in equation 4-34. 

                 [ ] [ ] [ ] ),(),(),(),( trVtrVtrVtrV XCHartreeextKS
rrrr ρρρ ++=           (4-34) 

The first term in equation 4-34 is the external potential, and the second term is the 

electrostatic repulsion term between the electrons which is given in equation 4-35.111 

                               
'
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trdtrVHartree −
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r

r ρ                                         (4-35) 

The last term in equation 4-34 is the XC potential that contains nontrivial many-body 

effects.111 It has an unknown functional dependent on the density both in space and in time.111 It 

is important to make a careful approximation for XC potential because the quality of the results 

are related to the approximation made for this potential.111 This is the only major approximation 

in TDDFT like that of in ground-state DFT.111 
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Figure 4-1 Structure of porphyrin. 
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Figure 4-2 Gouterman’s four orbital model for a D4h porphyrin. A) Schematic representations of 
electron densities for the two HOMO and two LUMO orbitals. B) Mixing of four 
allowed transitions within the four orbitals via configuration interaction (CI). C) The 
absorption spectrum of porphyrin and the contributions of higher energy 
configuration, a1u

1 eg1, to the B band and the lower energy configuration to the Q 
band. 
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Figure 4-3 Possible transitions among the four orbitals of the porphyrins with the change of 

ordering of the orbitals. 

 

 

 

 
Figure 4-4 The transitions for absorption and emission between the ground and excited states.105 
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CHAPTER 5 
COMPUTATIONAL CALCULATIONS FOR CIS-AZULENEONE AND TRANS-

AZULENEONE 

5.1 Computational Approach to Porphyrins and Porphyrin Derivatives 

The interesting spectroscopic properties of porphyrins have attracted computational 

chemists to work on these molecules. Computational studies with different calculation methods, 

semiempirical111, 112, Hartree-Fock (HF)113, 114, post-Hartree-Fock115, 116 (methods that are 

developed to improve HF), and Density Functional Theory (DFT),117, 118 have been applied to 

different porphyrin derivatives and the efficiency of these methods have been compared with 

respect to each other.96 In these studies post Hartree-Fock methods turned out to be very costly. 

DFT method has become the most common method for porphyrin type molecules91, 92, 101, 118-124 

because, unlike ab initio and/or semi empirical HF methods, it takes into account electron 

correlations125 that are necessary for porphyrin type molecules. Therefore it is more successful 

and more reliable for the geometry optimizations and energy differences between the electronic 

states of these molecules in terms of being consistent with the experimental results.  Studies also 

revealed that using higher level of theory rather than using larger basis set gave much better 

results.126 For the excited state calculations the most reliable method was determined to be time 

dependent density functional theory (TDDFT) over single excitation configuration interaction 

(CIS or CI-Singles) calculations.93, 127, 128 It is being used for porphyrin systems95, 129 because 

only TDDFT is able to provide extensive configuration mixings that characterize the excited 

states of porphyrins and their derivatives.102 

 Although many studies have been done with the porphyrin derivatives, molecular orbital 

studies for the expanded porphyrin systems, porphyrins containing fused aromatic units, are very 

rare. These porphyrin systems show interesting spectroscopic characteristics because they shift 
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the absorptions to lower energies or they lower the symmetry of the molecule so that degenerate 

transitions are split.130 

Keeping these facts in mind we were interested in two different isomers of exceedingly 

large free base porphyrins, cis-Azuleneone, 5-1a, and trans-Azuleneone, 5-2a, reported 

previously, bearing bis(naphthoazuleneone) ring systems,131 as depicted in Figure 5-1. According 

to electronic absorption spectra of these molecules, the Q bands of both of the isomers were red 

shifted to near-IR region.131 The trans isomer was more red shifted than its cis analogue.131 

Electrochemical data for cis-Azuleneone was consistent with the spectroscopic data for the 

lowest energy absorption. 

In order to understand the experimental behaviors of these two expanded porphyrin 

systems, we performed DFT calculations on the simplified derivatives of 5-1a and 5-2a. These 

simplified derivatives, 5-1b and 5-2b, were created by replacing the mesityl and tert-butyl 

groups on the molecules by hydrogens to make the computational calculations easier. The 

structures of 5-1a, 5-2a, and optimized structures of their simplified derivatives 5-1b and 5-2b 

are given in Figure 5-1. TDDFT was applied for the excited state calculations. Experimental and 

computational data were compared and the results were predicted depending on the calculated 

molecular orbitals. 

5.2 Computational Methods 

The structures of 5-1b and 5-2b were created by Hyperchem 7133 program and were 

optimized by density functional theory by using Becke’s three parameter hybrid functional134,  135 

combined with Lee-Yang-Parr136 correlation functional, B3LYP, with 6-31G basis set by using 

the Gaussian 98137 program. Symmetry constraints were applied to the optimized structures of 

the molecules in order to achieve the desired point groups. The structures were verified to be 

minima by frequency calculations with the same basis set. Single point calculations for Kohn-
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Sham orbitals were carried out with 6-31G* basis set. TDDFT calculations for the excited states 

were performed with the same basis set used for the single point calculations. All the calculations 

were performed by high performance computers at QTP at University of Florida. During the 

calculations Xena II system was used which is considered as high performance cluster to solve 

computational problems under Xena Cluster Project at Quantum Theory Project at University of 

Florida. This system has 192 nodes. Each of these nodes has a 135 MHz POWER2SC CPU, 1 

GB of RAM and 9 GB of disk space.138 The nodes are connected by a redundant path SP switch 

with a 150 MB/sec rate. The global storage of the system is 420 GB. It has 192 2.2 Gb disks on 

16 SSA adapters. These adapters are connected to each node as a general parallel file system 

(GPFS) through the SP switch.138 
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Figure 5-1 Schematic representation of A) cis- Azuleneone, 5-1a, and its simplified derivative 5-
1b created for the calculations B)  trans-Azuleneone, 5-2a, and its simplified 
derivative 5-2b used in the calculations. 
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CHAPTER 6 
MOLECULAR ORBITAL APPROACH FOR THE ELECTRONIC EXCITED STATES OF 

CIS-AND TRANS-AZULENEONE 

6.1 Molecular Structures 

All the calculations for 5-1b and 5-2b were performed with totally theoretical approach 

without using any experimental data for the initial coordinates of the molecules. These planar 

molecules are defined as cis- and trans- isomers of each other due to the positions of oxygens in 

the structures. The symmetry point groups of 5-1b and 5-2b are Cs and C2h, respectively, as 

depicted in Figure 5-1.  

In Figure 6-1 the crystal structure of 5-1a is shown.  For simplicity hydrogen atoms have 

been removed from the structure. Crystal structure of 5-2a is not available. 

Experimental bond lengths (Å) for 5-1a and calculated bond lengths (Å) for 5-1b are given 

in Figure 6-2 and Figure 6-3, respectively. Hydrogen atoms have been removed from both of the 

structures. The molecule is symmetric in solid state bearing a C2 axis so all the bond lengths are 

being symmetrical for the experimental data. 

When the calculated and experimental bond lengths for the cis isomer are compared, it is 

seen that there is a good agreement between the values. The differences between the bond 

lengths are smaller than 0.027 Å except for the oxygen-carbon bond lengths. The mean absolute 

deviation, |dІ|, for the calculated and solid state bond lengths is 0.011Å.  The deviations between 

the experimental and calculated bond lengths are less than 2% error. For the case of oxygens 

there is a higher deviation. The difference between the calculated and experimental bond length 

for the carbonyl oxygen is 0.036 Å which is around 2.85 % error. From these values it can be 

concluded that there is a good correlation between the experimental and calculated bond lengths. 

Since there is no crystallographic data for 5-2a, only the calculated bond lengths are 

presented in Figure 6-4.  
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Calculated bond lengths for the trans isomer are very similar to those of cis isomer. This is 

expected since the substituents on each side of the porphyrin core are the same. Both of the 

molecules are highly conjugated π-systems containing double and single bonds and the 

calculated bond distances are in the expected interval for the single and double bond lengths. 

In addition to bond lengths, calculated bond angles are also in good agreement with the 

experimental data for 5-1b. Selected calculated and experimental angles inside the porphyrin 

core for 5-1b are given in Table 6-1. Numbering scheme for the carbon atoms are given in Figure 

6-5 for the cis isomer. The carbon atoms are labeled according to standard numbering for the 

porphyrin core. For clarity, hydrogen atoms are removed. 

Table 6-1. Selected experimental and calculated angles on the porphyrin core for 5-1a and 5-1b. 
Angle 5-1a 5-1b 

C20C1N1 125.8 125.2 
N1C4C5 122.9 123.6 
C4C5C6 124.9 125.0 
C5C6N2 135.1 136.2 

            N2C9C10 122.2 121.6 
  C9C10C11 121.0 123.0 
   C10C11N3 122.2 120.1 
   N3C14C15 135.1 138.4 
   C14C15C20 124.9 124.8 
   C15C16N4 122.9 122.2 
     N4C19C20 125.8 125.0 

 

6.2 Calculated Orbitals and the Spectra for the cis- and trans- Derivatives of Azuleneone  

When the experimental and calculated spectra are compared there is a good agreement 

between them. The Q band of the porphyrin is at 500 nm-600 nm region.139 The lowest energy 

band for the 5-1a is not around 600 nm but at 923 nm experimentally. There are two calculated 

transitions for 5-1b, 11A' and 21A' at 1032.55 nm, and 915.83 nm, which are contributing to the 

band in the experimental spectrum at the low energy region that has a maximum peak value at 
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923 nm. These calculated transitions are the split Q1 and Q2 bands, respectively as depicted in 

Figure 6-6. 

For the trans-Azuleneone the lowest energy band is at 1100 nm experimentally. On the 

calculated spectrum for the singlet states of 5-2b, this low energy is calculated to be at 1049.77 

nm with 11Bu symmetry. This Q band transition is mainly from HOMO to LUMO orbital. There 

is a small contribution coming from HOMO-2 orbital for this transition as shown in Figure 6-7.  

It is both experimentally and theoretically proved that both of the molecules are red 

shifted, trans-Azuleneone being more red shifted than its cis isomer. It is clearly seen from the 

Kohn Sham molecular orbital diagrams. The HOMO-LUMO energy gaps for these molecules are 

calculated to be close to each other.  The HOMO-LUMO gap for the cis isomer is slightly higher 

than the trans isomer.  

More red shifted trans-isomer has its lowest energy transition with 76.60 % weight coming 

from HOMO-LUMO interaction. On the other hand the lowest energy transition for the cis 

isomer is 59.80% with HOMO-1-LUMO and 29.40% HOMO-LUMO interaction which makes 

this transition relatively higher in energy.  

These molecules are red shifted because π-conjugation provided by the substituents on the 

rings decrease the HOMO-LUMO energy gap with the electronic effects to the original 

porphyrin ring. Detailed analysis of the four frontier orbitals shows these electronic effects 

depending on the electron distributions. There have been several porphyrin systems reported in 

the literature for the effects of the substituents for the red shift of the Q bands.94, 97, 98, 131, 140, 141-

144  
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In the literature it is also reported that with the increase of the size of the molecular 

structure, Q band becomes more pure.131 This is also observed in our large molecules. All these 

important results are discussed in detail in the following sections. 

6.2.1 Kohn-Sham Orbitals 

The energy levels of the orbitals of a porphyrin derivative are determined by the 

substituents. The symmetry of the molecule with the substituents is responsible for the  

redistribution of orbital coefficients.103 The ordering and the energy differences among the 

molecular orbitals in addition to the strength of the configuration interaction coupling affect the 

interaction of the four porphyrin orbitals.101 The Kohn Sham orbital diagram of some frontier 

orbitals and the isoamplitude surfaces of their wave functions for both of the molecules are 

shown in Figure 6-8 and Figure 6-9, respectively. Energies of some of the calculated frontier 

molecular orbitals (MOs) are presented in Table 6-2.  

Regarding the electronic transitions taking place for the UV-Vis spectra of the molecules, 

the energy levels of the HOMO-1, HOMO, LUMO and LUMO+1 orbitals and the differences of 

the energies between these orbitals have strong relevance for the interpretation of the spectra. 

Due to the lowering of symmetry, LUMO and LUMO+1 orbitals are not degenerate.99 The 

energy differences of the LUMO and LUMO+1 orbitals are 0.735 eV for the cis and 0.655 eV 

for the trans isomer. It is clearly seen that the energies of LUMO and the LUMO+1 orbitals and 

the LUMO-LUMO+1 energy differences of the two molecules are not very different from each 

other.  On the other hand, the energy differences of HOMO and HOMO-1 orbitals of the 

molecules are not as close to each other. The HOMO-HOMO-1 energy differences for the cis 

and trans isomers are 0.121 eV and 0.688 eV, respectively. The HOMO-LUMO gaps were 

calculated to be 1.664 eV for 5-1b and 1.592 eV for 5-2b. These values indicate that the HOMO-
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LUMO energy differences of the two molecules are very close to each other.  The slight 

difference of HOMO-LUMO gap and the fact that the trans isomer has the smaller HOMO-

LUMO gap support both the calculated and the experimental electronic absorption spectra of the 

molecules. The lowest energy transition for the trans isomer, both on experimental and 

calculated spectra, is lower than the one for the cis isomer which means that trans isomer is red 

shifted more than the cis isomer. This can easily be seen in Figure 6-6 and Figure 6-7 which 

show the calculated oscillator strengths plotted as a function of transition wavelength and the 

experimental spectra being overlaid on the same plot for each of 5-1b and 5-2b, respectively.  

Table 6-2. Calculated Molecular Orbitals, Symmetries and Energies (eV) for 5-1b and 5-2b. 
 5-1b 5-2b 

MO Symmetry Energy (eV) Symmetry Energy (eV) 

LUMO+4 a” -1.101 au -1.038 

LUMO+3 a” -1.575 bg -1.529 

LUMO+2 a” -2.593 au -2.593 

LUMO+1 a” -2.727 bg -2.809 

LUMO a” -3.462 bg -3.464 

HOMO a” -5.126 au -5.056 

HOMO-1 a” -5.247 au -5.744 

HOMO-2 a” -6.104 bg -5.779 

HOMO-3 a” -6.310 au -6.328 

HOMO-4 a” -6.561 ag -6.602 

 
Electron delocalizations on the orbitals are important for the interpretations of the 

transitions in the excited state. In case of LUMO+1 orbitals, as seen in Figure 6-9, electrons are 

localized on the porphyrin core for both the cis and trans isomers. The cis isomer has very small 

participation of electrons on the phenyl groups which is a very slight difference from the 
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LUMO+1 orbital of the trans isomer. Unlike LUMO orbitals, unsubstituted meso carbon atoms 

have high participation and substituted meso carbon atoms have no participation. When β-carbon 

atoms are considered, there are high orbital amplitudes in each of the molecule. The nitrogen 

atoms, however, have less amplitude when compared to LUMO orbitals. The main difference for 

the LUMO+1 orbital of the cis isomer is that if we assume there is a hypothetical plane passing 

through the substituted meso carbon atoms dividing the molecule into two halves as upper half 

with both oxygen atoms and lower half without any oxygen atom, the participation for the 

porphyrin ring in the upper half are higher than those in the lower half of the molecule. For the 

trans isomer, since the oxygen atoms are located in a more symmetrical way, one in the upper 

half and one in the lower part, the amplitudes on the porphyrin ring are not different from each 

other for different halves of the molecule. It is clear that location of the oxygens affect the 

electron localizations in LUMO+1 orbitals. 

When LUMO orbitals are compared, there is an electron delocalization over the entire 

molecule for each of the system. The amplitudes and the pattern of electron delocalizations on 

the phenyl rings, seven membered rings, and on the porphyrin core are very similar for both of 

the isomers. There is a nodal plane passing through the unsubstituted meso carbon atoms 

observed for both of the LUMOs. On the other hand the amplitudes for the substituted meso 

carbon atoms, β-carbon atoms and the nitrogen atoms are high for each of the isomer.   

Considering HOMO orbitals, electrons are delocalized over the entire molecules in a 

similar manner for the substituents and the porphyrin cores for both of the molecules. Both 

molecules have high amplitudes on all of their meso carbon atoms and nitrogen atoms. Relatively 

small participation on the phenyl rings on one side of the cis isomer brings the difference of the 

electron distribution on the HOMO orbital when compared to that of the trans isomer.  Electron 
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distribution for HOMO orbital of trans isomer is more homogenous than its cis analogue. This 

must be due to higher symmetry of the trans isomer.  

The biggest difference is observed with the HOMO-1 orbitals of the isomers. Electron 

distribution for 5-1b is in such a way that, the part of the molecule that had only small 

amplitudes for HOMO orbital now has high electron contribution for the case of HOMO-1 

orbital. Similarly, the part of the molecule that had high amplitude now has very small 

amplitude. The substituted meso carbon atoms have no electron distributions. Similarly the 

participations on the substituted meso carbons for the trans molecule are very small, almost 

negligible. The amplitudes on nitrogen atoms on HOMO-1 for 5-2b are much smaller when 

compared to HOMO orbital of this molecule. HOMO-1 orbital of 5-2b shows electron 

delocalization over the entire molecule, unlike 5-1b. Due to better distribution of the electrons, 

distribution over a higher number of atoms, the stability of the bonds are improved145 and the 

HOMO-1 orbital for 5-2b is more stabilized when compared to HOMO-1 orbital of 5-1b. 

HOMO orbitals are more destabilized than HOMO-1 orbital since at the meso positions for 

the HOMO orbitals, where the substitution is taking place; there are high amplitudes at meso 

carbon. For the HOMO-1 orbitals these positions have very small amplitudes.97 According to 

Gouterman’s theorem99, 141 HOMO orbitals are accidentally degenerate with a1u and a2u 

symmetries. The a1u orbital has no amplitude at meso positions. It has very small participation at 

the β-carbons. In case of a2u orbital there are high amplitudes on meso carbons and on nitrogens. 

Therefore these molecules are susceptible for energy changes depending on the substituents. The 

diagrams of HOMO orbitals reveal that for each isomer the porphyrin core keeps its a2u type 

character with high amplitudes at both the nitrogen atoms and meso carbon atoms. On the other 

hand, especially for the trans isomer, HOMO-1 orbital keeps its a1u type character. 
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Destabilization of the a2u type orbital, (high participations at meso positions) with respect to a1u 

type of orbital (small participations at β-carbon atoms) for the porphyrin core is expected,103, 131, 

140, 146 since aromatic rings are fused into the porphyrin system through alternating meso 

positions. Although alternating β-carbon atoms are also involved in substitution, due to their low 

orbital participations, they would not make significant change for a1u.   

6.2.2 Excited States 

In order to be able to interpret the experimental spectra for both cis- and trans-

Azuleneones, excited state calculations were carried out by TDDFT for the first fifteen singlet 

excited states of 5-1b and 5-2b. The calculated oscillator strengths were plotted as a function of 

transition wavelength for 5-1b and 5-2b are presented in Figure 6-6 and Figure 6-7, respectively, 

as stated before.  Experimental spectra of the molecules are overlaid on the same plots. 

Calculated excited states with related symmetries, the weights of the transitions that have more 

than 2% contributions to the excitations, transition energies and oscillator strengths for the cis 

and trans isomers are given in Table 6-3.  

6.2.2.1 Q-band regions for cis-Azuleneone and trans-Azuleneone 

There is a good correlation between the experimental spectrum of 5-1a and calculated 

transitions of 5-1b. The two calculated singlet transitions at 1032.55 nm, and 915.83 nm with the 

symmetries 11A' and 21A', respectively, are contributing to the band at the low energy region 

with the maximum peak value at 923 nm for 5-1b. 

These calculated transitions are split Q1 and Q2 bands, respectively. In order to verify this 

interpretation, Gaussian broadening was applied to the calculated spectrum until the sum of the 

individual Gaussian component peaks was in good agreement with the experimental spectrum.104, 
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147 Figure 6-10 and Figure 6-11 show the Gaussian broadening curves with the actual spectra 

overlaid for 5-1b and 5-2b, respectively. It was clearly seen from the Gaussian broadening  

Table 6-3. Calculated electronic excited states, orbital configurationsa, b (% Weight), transition 
energies and oscillator strengths for the first fifteen singlet states for 5-1b and 5-2b. 

5-1b 5-2b 
λ (nm) Oscillator 

Strength        
(f) 

Energy 
(eV) 

Exc.St
ate 

Orbital 
Contributionb 
(Weight %) 

 λ (nm) Oscillator 
strength         
(f) 

Energy 
(eV) 

Exc.
State 

Orbital 

Contributionb 

(Weight %) 
1032..55 0.0109 1.2007 11A' H-1->L (59.80) 

H ->L  (29.40) 
1049.77 0.0881 1.1811 11Bu H >L(76.60) 

H-2 ->L+1(6.18) 
915.83 0.1161 1.3538 21A' H-1 >L(28.40) 

H ->L  (43.60) 
H-1->L+2 (6.40) 
H-1 ->L+1(4.80) 
H->L+1     (4.44) 

710.49 0.0008 1.7450 21Bu H ->L+1 (53.80) 
H-2 ->L (46.80) 

634.12 0.0266 1.9552 31A' H ->L+1  (55.20) 
H-2 ->L   (23.74) 
H->L+3     (9.00)    
H-1->L+3 (6.04) 

704.71 0.0000 1.7593 11Ag H-1 ->L (80.40) 
H ->L+2  (7.16) 

608.38 0.0042 2.0379 41A' H->L+2   (51.40) 
H-1>L+1(32.40)     
H->L+1    (4.38) 
H-1->L+2 (3.72) 

616.33 0.0000 2.0117 21Ag H ->L+2 (86.20) 
H-1 ->L (10.68) 

584.45 0.0133 2.1214 51A' H-1 >L+1(31.60) 
H->L+2   (28.20) 
H-1 >L+2(20.66) 
H-2 ->L+1(6.76) 
H-3->L+1 (4.52) 
H ->L+1    (3.66) 

580.01 0.1943 2.1376 31Bu H-2->L (25.40) 
H->L+1 (20.28) 
H-3 ->L(18.08) 
H-2 ->L+1(15.86) 
H-8 ->L(3.24) 

533.86 0.2326 2.3224 61A' H-1 >L+2(44.60) 
H-3->L    (32.40) 
H-1 ->L+1(4.10) 
H-2->L      (3.36) 
H ->L+2    (2.28)    

503.37 0.4747 2.4631 41Bu H-3 ->L(51.80) 
H-2 ->L+1(13.20) 
H-2->L (9.20) 
H ->L+1(6.80) 
H-8 ->L(2.98) 

505.30 0.0000 2.4536 11A" H-5 ->L   (83.00) 
H-5 ->L+1(6.88) 
H-5 ->L+2(5.38)     

501.87 0.0000 2.4704 31Ag H-1 ->L+1(88.80) 
H-6 ->L(4.06) 

502.69 0.2349 2.4664 71A' H-3 ->L   (42.00) 
H-2 ->L   (11.18) 
H-1 >L+1(10.48)    
H-7 ->L   (10.30) 
H-2 ->L+1(4.34) 

501.21 0.0000 2.4737 11Bg H-4 ->L(84.18) 
H-5 ->L+2 (9.20) 

496.70 0.3321 2.4961 81A' H-2 ->L   (37.74) 
H ->L+2  (16.58)    
H-1->L+2 (5.12) 
H-3 ->L     (4.64) 
H-2 ->L+1(4.20)  

499.09 0.0000 2.4842 1Au H-5 ->L(83.40) 
H-4 ->L+2(9.70) 

460.40 0.1156 2.6930 91A' H-4 ->L     (4.60) 
H-3->L+1 (2.40)     

469.69 0.0000 2.6397 41Ag H-6 ->L(38.18) 
H-2->L+2(36.18) 
H-7->L(16.74) 

453.03 0.0000 2.7368 21A" H-8>L+1(78.80) 
H-8->L+2 (6.68) 
H-8->L+1 (6.60)   

457.70 0.0866 2.7088 51Bu H-1->L+2(51.40) 
H-2 ->L+1(24.00) 
H-3->L (10.66) 
H->H+3(5.26) 

447.58 0.1253 2.7701 101A' H-7 ->L   (47.60) 
H-6 ->L   (28.88) 
H-4 ->L     (4.10) 

445.37 0.0000 2.7838 51Ag H-4->L+2(53.60) 
H-6 ->L(22.60) 
H-7 ->L(13.54) 
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Table 6-3. Continued 
5-1b 5-2b 

λ (nm) Oscillator 
Strength        
(f) 

Energy 

(eV) 

Exc.St
ate 

Orbital 
Contributionb 
(Weight %) 

 λ (nm) Oscillator 
strength        
(f) 

Energy 

(eV) 

Exc.
State 

Orbital 

Contributionb 

(Weight %) 

442.32 0.1072 2.8030 111A' H-6 ->L   (59.20) 
H-7 ->L   (26.12) 
H-2 ->L+1(4.86)     

440.44 0.0583 2.8150 61Bu H-8 ->L(71.20) 
H-11 ->L(7.90)  
H-3 ->L+1(5.56) 

414.41 0.0515 2.9918 121A' H->L+3   (60.34)    
H-2>L+1(28.60) 
H-2->L+2 (4.68) 

440.42 0.0000 2.8151 61Ag H-7 ->L(62.14) 
H-6 ->L(26.40) 

400.43 0.0251 3.0962 131A' H-3 >L+1(66.00) 
H-1 >L+3(15.18) 
H-2 ->L+2(5.84) 

431.20 0.0172 2.8753 71Bu H-9 ->L(50.14)  
H-1 ->L+2(15.00) 
H ->L+3(11.40) 
H-8 ->L(5.36) 
H-2 ->L+1(5.14)  

aHOMO-1, HOMO, LUMO and LUMO+1 orbitals are represented as H-1, H, L and L-1 respectively. 
bConfigurations which contribute more than 2 % are shown. 
 
analysis that these peaks do not resolve in the spectrum, instead add up and together contribute to 

a broad peak. Therefore it is clear that these peaks are contributing to the absorption peak in the 

experimental spectrum at 923 nm. The calculated splitting energy, ΔQ/cm-1, for Q1 and Q2 

bands is 1234.3. For the symmetrically ring expanded porphyrin metal free species it was 

reported that for the split Q bands, the intensity of the one in the lower energy is lower than the 

one in the higher energy.131It is the case for 5-1b as can be seen from Table 6-3. The calculated 

intensity of higher energy Q2 band is 0.1161 and that of lower energy Q1 band is 0.0109. The 

intensity ratio for Q2/Q1 is 10.65.    

Considering the orbital contributions for 11A’ and 21A’, it is seen that both of the 

transitions are mainly from HOMO-1 and HOMO orbitals to LUMO orbital. There are also small 

contributions for 21A state coming from HOMO-1 to LUMO+1, HOMO-1 to LUMO+2 and 

HOMO to LUMO+1 transitions. Electronic transition for 11A is the linear combination of two 

configurations from HOMO-1 to LUMO and HOMO to LUMO orbitals with 59.80 and 29.40 % 

weights, respectively. Similarly the transition for 21A is mainly the linear combination of 

HOMO-1 to LUMO and HOMO to LUMO configurations with 28.40 and 43.60% weights in the 
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same order. Therefore the two transitions are the linear combinations of the orbitals with the 

same configurations.  Basically, the coefficients which are the weights of the configurations are 

interchanged. This configuration behavior of the two states indicates the mixing of these two 

excited states. Actually HOMO to LUMO configuration of 11A’ (29.40%) and HOMO to 

HOMO-1 configuration of 21A’ (28.40%) are mixing with opposite signs, -0.3843 and 0.37664 

respectively, according to the computational data. A similar case for the mixing of configurations 

for the two excited states was reported in the literature for a porphyrin isomer with Cs symmetry. 

The explanation for the mixing of the excited states was that it was originating from symmetry 

lowering of the molecular structures from D2h of porphyrin to lower Cs symmetry.148 More Cs 

symmetric porphyrin derivatives with split Q bands have been reported in the literature.131, 149 As 

a result in our system configuration interaction between the orbitals are enhanced and caused the 

splitting of the Q bands in the calculations which may be due to the lowering of the symmetry of 

the molecule. Although the substituents and the lowering of the symmetry affected both the 

electronic energy terms and the energies of the orbitals, splitting is not caused by the change in 

the orbital energies, but is caused by the electronic energy terms.150 

As mentioned before, the lowest energy transition in the experimental UV-Vis spectrum of 

trans-Azuleneone is at 1100 nm. The lowest transition energy is calculated to be at 1049.77 nm 

with 11Bu symmetry for 5-1b. This Q band transition is mainly from HOMO to LUMO orbital 

with a small contribution coming from HOMO-2 orbital. The strong contribution of HOMO-1 

orbital is seen for the forbidden transition for 11Ag state at 704.71 nm with 80.40% weight for 

HOMO-1 to LUMO transition. There is another transition calculated at 704.71 nm with 1Bu.  

Considering the fact that 21Bu state is almost 50% mixed with the configuration of HOMO-2, it 

can not be considered as pure Gouterman type transition. There are cases reported in the 
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literature that transitions originating from low lying orbitals to the LUMO and LUMO+1 orbitals 

taking place between the Q band and the B bands.151 Basically, the low energy transitions for Q 

bands of the molecules are originated from HOMO-LUMO and HOMO-1-LUMO interactions 

for the cis isomer and HOMO-LUMO interaction for the trans isomer. The differences 

originating between the molecules are that HOMO-1-LUMO contribution for trans isomer is 

forbidden and it is at higher energy. The reason for this situation is that for both of the molecules 

the energies of the LUMO+1, LUMO and HOMO orbitals have very similar energy values. The 

only difference is coming from the energy of HOMO-1 orbital of trans isomer, which is more 

stabilized than that of cis isomer. The stabilization energy with respect to HOMO-1 orbital of cis 

isomer is 0.532 eV. The reason for this is that for 5-2b the electrons are delocalized all over the 

molecule for HOMO-1 orbital but for the cis isomer that is not the case and HOMO-1 orbital is 

destabilized more. 

6.2.2.2 B-band regions for cis-Azuleneone and trans-Azuleneone 

When the rest of the spectrum for the cis isomer is considered, it is seen that there is a 

shoulder at 879 nm. In that region there is no singlet transition calculated. This shoulder must be 

due to vibrational transitions. The transitions calculated at 634.12 nm, 608.38 nm, and 584.45 nm 

contribute to shoulders at 644 nm and 590 nm at UV-Vis spectrum. The peaks calculated at 

533.86 nm and 502.69 nm are contributing to the peak at 547 nm which has the highest 

absorbance in the experimental UV-Vis spectrum. The highest oscillator strength calculated for 

the singlet transitions is at 496.70 nm. The calculated peaks at 460.40 nm, 447.58 nm, and 

442.37 nm correspond to the experimental peak at 450 nm. The calculated peaks at 414.41 nm 

and 400.43 nm are also in good agreement with the experimental data. 
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The small peak at 762 nm observed on the experimental spectrum 5-2b might be coming 

from the contribution from the calculated transition at 710.49 nm. Experimentally the band with 

the highest absorbance value is at 580 nm and the peak calculated at 580 nm contributes to this 

band. The band with lower absorption value at 535 nm on the UV-Vis spectrum is calculated to 

be at 503 nm. The shoulder at 475 nm should be corresponding to the transition calculated at 

457.70 nm. The transitions calculated at 440.42 nm and 431.20 nm are contributing to the peak at 

427 nm on the experimental spectrum.  

The small peak at 850 nm is probably coming from vibrational transitions. The shoulder at 

1220 nm (8196.72 cm–1) for the broad band with λmax at 1100 nm (9090.91 cm–1) must be coming 

from the vibrational transitions. The difference of energy between these two points is 894.19 cm-

1.The deviations between the calculated and experimental spectra are in acceptable range which 

is an indication of good agreement between the two spectra.   

When the B-band regions of both of the molecules are considered, they both show similar 

trend. The region between between 400 nm and 600 nm has the peaks related to B-band 

transitions for both of the molecules. The peaks are broad and split. This is due to lowering of 

symmetry and the complexities of the structures. Molecular symmetry affects the splitting of the 

Soret bands.151 As presented on Table 6-3 for the B band, large number of occupied and 

unoccupied orbitals besides  HOMO-1, HOMO, LUMO, LUMO+1 are highly contributing to the 

transitions. As a result it is not possible to predict the pure Soret band transitions for these 

molecules. Similar cases have been reported in the literature129 and explained that Gouterman 

model is a simple model and it does not provide explanation for the complexity of the Soret 

band. Therefore it is suggested that more transitions, allowed and/or forbidden, should be 

calculated.152 
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6.2.2.3 Oscillator strengths 

Comparison of the calculated and experimental oscillator strengths is more complicated 

due to some important error sources. Unless solvation effect is included in the calculations, the 

comparison will be between the experimental data taken in solution and computed data 

calculated in the gas phase which is the situation in this work. Solvation effect may cause 

deviations from the expected results and such cases are reported in the literature.94, 153 

The difficulty in the comparison of experimental and calculated data rises from the overlap 

of the electronic band with the neighboring electronic or vibronic bands.148 Overlap of these 

bands creates long tails that makes the spectral band integration difficult for the prediction of 

experimental oscillator strengths from  

ƒ = 3.32 x 10-9 ∫ε (υ) dυ, 

where the extinction coefficient ε has the unit of mole-1 cm-1 and the wave number υ is in 

cm-1. This equation is approximated as it is shown below by using a single Gaussian to represent 

the band shape. 

ƒ =  3.32 x 10-9 ∫ e- (Δυ/ θ)
2

  dυ =   3.32 x 10-9 √πεmaxθ 

In the equation θ is the half-width at ε = εmax/e which relates the full-width (h) at half-

maximum by h =  2(ln2)0.5θ. Band shape approximation and band overlap are not the only error 

sources. The equations for the oscillator strength given above neglect the solvent refractive index 

correction. This may cause 10 to 20 percent error for common solvents.154 As a result of all these 

error sources it is almost impossible to determine the actual oscillator strength for the 

experimental spectrum and in this work experimental and theoretical oscillator strengths are not 

compared. 
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6.3 Conclusion 

In this study, DFT level computational calculations for the molecular orbitals and the 

singlet excited state calculations were performed for the expanded porphyrin derivatives cis- and 

trans-Azuleneone. The experimental and calculated structures and the spectra were compared 

and it was determined that they showed good agreement. By using Gouterman’s theory and the 

calculated molecular orbitals and calculated singlet excited states of the molecules, the electronic 

spectra of the molecules were analyzed from the view of theory. According to both experimental 

and computational data trans isomer has more red shifted band relative to its cis analogue due to  

π- conjugation. 
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Figure 6-1 Crystal structure of 5-1a. 
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Figure 6-2 Experimental bond lengths for 5-1a. 
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Figure 6-3 Calculated bond lengths for 5-1b. 
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Figure 6-4 Calculated bond lengths for 5-2b. 
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Figure 6-5 Numbering scheme for the cis isomer for the selected atoms.  
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Figure 6-6 Experimental and calculated electronic spectra for 5-1b. 
 

 

 
Figure 6-7 Experimental and calculated electronic spectra for 5-2b. 
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Figure 6-8 Kohn Sham orbital energy diagrams for some of the frontier orbitals of 5-1b and 5-2b, 

respectively. 
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Figure 6-9 Isoamplitude surfaces of the wave functions of 5-1b and 5-2b for some of their 
frontier orbitals, respectively. 
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Figure 6-10 Gaussian broadening curve and the actual Uv-Vis spectrum for the cis isomer.  

 

 

 
Figure 6-11 Gaussian broadening curve and the actual Uv-Vis spectrum for the trans isomer. 
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CHAPTER 7 
SUMMARY  

Nuclear waste is created every day in nuclear reactors. The waste contains highly 

radioactive actinides with very long half lives. In order to be able to convert them into shorter 

living nuclide transmutation is necessary. However it is not possible in the present conditions 

because lanthanides are present in the waste mixed with the actinides and they interfere with the 

transmutation processes by neutron capture. This makes transmutation of actinides impossible. 

As a result it is important to separate these two chemically similar metal cations from each other. 

For that purpose we worked with a new C3 symmetric ligand system bearing both pyridine and 

diamide groups together that also takes advantage of preorganization to provide a good 

coordination site for the metal. Extraction data reveal that, ligands with the lower side 

functionalized triphenoxymethane platform are working efficiently for the extractions of 

lanthanide cations when the extraction experiments were performed in the presence of COSAN. 

The NMR scale extraction data clearly shows the extraction with the formation of a C3-

symmetric species in the solution. At a certain concentration ratio of the ligand with COSAN and 

the lanthanide Lu, the extraction is 100 % efficient in the NMR timescale. Also solid state 

structures of the metal complexes with the upper side functionalized triphenoxymethane platform 

confirm the complexation of the ligand from its carbonyl and nitrogen binding sites. Our data 

with lanthanides indicate that this ligand system is a promising ligand system for future 

application which is consistent with the recently reported data with the same derivative. 

Due to interesting spectroscopic properties of porphyrins and limited research in the 

expanded porphyrin systems we were interested in the computational calculations for two 

expanded porhyrin derivatives cis- and trans-azuleneone to be able interpret their electronic 

spectra. For this purpose DFT level computational calculations have been performed successfully 
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for these molecules with their corresponding point groups. Calculated and experimental 

geometries for the cis- isomer are comparable. Calculated excited states are consistent with the 

experimental spectra. The cis isomer shows split Q band region because HOMO-1 to LUMO and 

HOMO-LUMO configurations show configuration interaction. This is due to electronic affects of 

the substituents and symmetry lowering. For the B-band region of the spectra for both molecules, 

there are contributions coming from lower lying orbitals as a result of which more transitions are 

observed. Both experimentally and theoretically it has been confirmed that both of the molecules 

are red shifted due to π- conjugation. HOMO-LUMO gap for trans-isomer is slightly lower so it 

is more red shifted than its cis analogue. This study has been one of the most detailed 

computational studies performed on expanded porphyrin systems. The data was successfully 

interpreted with respect to molecular orbital approach in relevant with Gouterman’s theory for 

the porphyrin systems. 
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APPENDIX A 
EXTRACTION DATA  

Extraction Data for 2-10: 
 

 

 

 

 

 

 

 

 

 

Figure A-1 Extraction plot for 1x10-3 M 2-10 in CH2Cl2 with 1x10-4 M Lanthanides in 1 M 
HNO3. 

 

 
Table A-1 Extraction data for Figure A-1.  

       D          E % 
E % 

        Error        δ 
La 0.145014 13 2.0 0.003647 
Ce 0.170899 15 1.4 0.002635 
Pr 0.17 15 1.3 0.002427 
Nd 0.164319 14 3.3 0.006619 
Eu 0.123725 11 1.8 0.003502 
Gd 0.086409 8 0.9 0.001762 
Tb 0.086556 8 0.6 0.001201 
Dy 0.188371 16 2.0 0.004004 
Er 0.18801 16 0.8 0.001518 
Tm 0.205788 17 1.0 0.001677 
Yb 0.165751 14 0.4 0.000681 
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Figure A-2 Extraction plot for the second extraction for 1x10-3 M 2-10 in CH2Cl2 with 1x10-4 M 

Lanthanides in 1 M HNO3. 

 

 
 
 
Table A-2 Extraction fata for Figure A-2. 

       D E % 
 E%               
Error       δ 

La 0.135255 12 1.1 0.001922 
Ce 0.061197 6 1.2 0.002194 
Pr 0.093917 9 0.9 0.001668 
Nd 0.085267 8 0.4 0.00085 
Eu 0.085917 8 1.0 0.002003 
Gd 0.098098 9 0.9 0.001801 
Tb 0.088106 8 1.1 0.002329 
Dy 0.137533 12 3.7 0.007212 
Er 0.10508 10 0.7 0.001405 
Tm 0.133104 12 2.3 0.003971 
Yb 0.128057 11 0.9 0.001477 
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Figure A-3 Extraction plot for the third extraction for 1x10-3 M 2-10 in CH2Cl2 with 1x10-4 M 
Lanthanides in 1 M HNO3. 

                      
 

 
Table A-3 Extraction data for Figure A-3. 

        D E % 
 E%   
Error        δ 

La 0.073389 7 0.5 0.000849 
Ce 0.072376 7 0.1 0.000208 
Pr 0.076271 7 0.5 0.000981 
Nd 0.094292 9 0.6 0.001118 
Eu 0.085258 8 0.4 0.000763 
Gd 0.081001 7 0.1 0.000153 
Tb 0.090026 8 0.5 0.001012 
Dy 0.090724 8 0.8 0.001501 
Er 0.10679 10 0.5 0.000949 
Tm 0.091616 8 1.2 0.002021 
Yb 0.11978 11 1.5 0.002287 
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Figure A-4 Extraction plot for 7.63x10-3 M 2-10 in CH2Cl2 with 1x10-4 M Lanthanides in 1 M 
HNO3. 
 

 
 

  Table A-4 Extraction data for Figure A-4. 

        D 
     

E % 
  E %    
Error        δ 

La 0.058993 6 0.6 0.001172 
Ce 0.046717 4 2.7 0.005186 
Pr 0.089955 8 0.4 0.000757 
Nd 0.060275 6 1.1 0.002159 
Eu 0.061268 6 0.8 0.001552 
Gd 0.063 6 1.3 0.002658 
Tb 0.060358 6 0.7 0.001353 
Dy 0.069477 6 0.8 0.001662 
Er 0.118654 11 2.3 0.004366 
Tm 0.041243 4 0.8 0.001473 
Yb 0.079088 7 0.6 0.001044 
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Figure A-5 Extraction plot for 1x10-3 M 2-10 in 1-Octanol with 1x10-4 M Lanthanides in 1 M 

HNO3. 

                 
 

             
 

  Table A-5 Extraction data for Figure A-5. 

       D     E % 
         E %   
        Error        δ 

La  -0.03556         -4 0.9 0.00165 
Ce         -0.03205 -3 0.7 0.001212 
Pr   -0.00196   0 3.8 0.007151 
Nd   -0.03465 -4 0.2 0.000473 
Eu   -0.05016 -5 0.5 0.00105 
Gd   -0.03544 -4 1.0 0.002021 
Tb   -0.02526 -3 0.1 0.000252 
Dy   -0.02143 -2 0.4 0.000757 
Er 0.003156   0 0.8 0.001473 
Tm 0.01445   1 1.0 0.001735 
Yb 0.023555   2 1.4 0.00215 
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Figure A-6 Extraction plot for 1x10-2 M 2-10 in 1, 2-dichloroethane with 1x10-3 M COSAN with 

1x10-4 M Lanthanides in 1 M HNO3. 

 

 

 Table A-6 Extraction data for Figure A-6. 

       D          E % 
          E% 
         Error        δ 

La N/A N/A N/A N/A 
Ce 0.004431 0 0.1 0.000231 
Pr N/A N/A N/A N/A 
Nd 0.004873 0 0.1 0.000153 
Eu 0.00483 0 0.6 0.001069 
Gd N/A N/A N/A N/A 
Tb 0.01404 1 0.2 0.0004 
Dy N/A N/A N/A N/A 
Er N/A N/A N/A N/A 
Tm 0.079635 7 0.1 0.000153 
Yb 0.086155 8 0.6 0.000987 
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Extraction Data for 2-11: 

 
Figure A-7 Extraction plot for 1x10-3 M 2-11 in CH2Cl2 with 1x10-4 M Lanthanides in 1 M 

HNO3. 

 

 

 Table A-7 Extraction Data for Figure A-7. 

               D 
 

E % 
E% 

Error                 δ 
La 0.075269 7 1.3 0.002364 
Ce 0.038589 4 1.9 0.003581 
Pr 0.083124 8 4.4 0.008262 
Nd         0.06983 7 3.2 0.006281 
Eu 0.062891 6 0.4 0.000839 
Gd 0.051791 5 2.6 0.005216 
Tb 0.009059 1 1.7 0.003453 
Dy 0.072717 7 2.3 0.004521 
Er 0.043338 4 0.8 0.001582 
Tm 0.033668 3 0.5 0.0009 
Yb 0.051034 5 1.1 0.001735 
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Extraction Data for 2-12:  
 

 
Figure A-8 Extraction plot for 1x10-3 M 2-12 in CH2Cl2 with 1x10-4 M Lanthanides in 1 M 

HNO3. 

 
 

 

 Table A-8 Extraction data for Figure A-8. 

        D      E % 
   E %   
   Error    δ 

La 0.031274        3 0.9        0.001601 
Ce 0.043884        4 2.3        0.004444 
Pr 0.051061        5 0.9        0.001716 
Nd 0.037865        4 0.3        0.000643 
Eu 0.080184        7 1.1        0.002329 
Gd 0.028457        3 0.5        0.001172 
Tb 0.055407        5 0.2        0.000404 
Dy 0.046512        4 0.8        0.001652 
Er 0.022731        2 0.1        0.0003 
Tm 0.020428        2 0.4        0.0007 
Yb 0.046141        4 0.4        0.000577 
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Figure A-9 Extraction plot for the second extraction for 1x10-3 M 2-12 in CH2Cl2 with 1x10-4 M 

Lanthanides in 1 M HNO3. 

 
 
 

 
Table A-9 Extraction data for Figure A-9. 

       D         E % 
E % 
Error     δ 

La 0.009649 1 1.1         0.002043 
Ce 0.007234 1 0.7         0.001405 
Pr 0.039457 4 1.1         0.002157 
Nd 0.010294 1 1.2         0.002411 
Eu 0.043686 4 0.4         0.000814 
Gd 0.039487 4 0.6         0.00132 
Tb 0.026457 3 0.5         0.001115 
Dy          0.01436 1 1.8         0.003544 
Er         -0.01002 -1 0.3         0.000557 
Tm         -0.00131 0 1.8         0.003291 
Yb 0.003877 0 2.7         0.004405 
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Extraction Data for 2-13: 
 

 
Figure A-10 Extraction plot for 1x10-3 M 2-13 in CH2Cl2 with 1x10-4 M Lanthanides in 1 M 

HNO3. 

 
 
 
 
 Table A-10 Extraction data for Figure A-10. 

         D E % 
E %  
Error       δ 

La   0.12111 11 3.6 0.006345 
Ce   0.059809 6 1.8 0.003291 
Pr   0.07676 7 1.1 0.00206 
Nd   0.070052 7 1.7 0.003232 
Eu   0.052965 5 0.6 0.001136 
Gd   0.0729 7 1.5 0.003024 
Tb   0.068024 6 0.6 0.001127 
Dy   0.108818 10 3.0 0.005987 
Er   0.114496 10 0.7 0.001277 
Tm   0.129527 11 1.3 0.002248 
Yb   0.103874 9 3.0 0.004676 
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Figure A-11 Extraction plot for the second extraction for 1x10-3 M 2-13 in CH2Cl2 with 1x10-4 M 

Lanthanides in 1 M HNO3. 

 

 

 
 Table A-11 Extraction data for Figure A-11. 

       D E % 
E %  
Error       δ 

La 0.083299 8 1.9 0.003444 
Ce 0.075311 7 1.1 0.001955 
Pr 0.063429 6 0.9 0.001609 
Nd 0.085338 8 0.5 0.001012 
Eu 0.071954 7 1.0 0.001922 
Gd 0.087781 8 1.3 0.002702 
Tb 0.058083 5 0.8 0.001637 
Dy 0.076503 7 0.9 0.001838 
Er 0.092951 9 1.3 0.0024 
Tm 0.10835 10 1.7 0.002821 
Yb 0.12503 11 1.8 0.002715 
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Figure A-12 Extraction plot for the third extraction for 1x10-3 M 2-13 in CH2Cl2 with 1x10-4 M 

Lanthanides in 1 M HNO3. 

 
 
 
 
   Table A-12 Extraction data for Figure A-12. 

   D 
          

  E % 
 E% 
Error δ 

La 0.119228 11 4.2 0.007495 
Ce 0.167633 14 2.3 0.004243 
Pr 0.121535 11 0.7 0.00121 
Nd 0.117693 11 2.3 0.004349 
Eu 0.117399 11 0.5 0.000945 
Gd 0.164662 14 2.1 0.004382 
Tb 0.096446 9 0.7 0.00135 
Dy 0.125714 11 1.0 0.002022 
Er 0.145987 13 2.8 0.005233 
Tm 0.180952 15 0.2 0.000361 
Yb 0.165915 14 0.4 0.000693 
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Figure A-13 Extraction plot for 1x10-4 M 2-13 in 1, 2-dichloroethane with 1x10-3 M COSAN 

with 1x10-4 M Lanthanides in 1 M HNO3. 

 

Table A-13 Extraction data for Figure A-13. 

       D E % 
E %  
Error δ 

La 5.792357 85 0.3 0.000513 
Ce 5.983312 86 0.3 0.000462 
Pr 7.9328 89 1.3 0.00245 
Nd 5.784959 85 1.6 0.003083 
Eu 3.957447 80 3.5 0.006735 
Gd 3.470418 78 3.5 0.007146 
Tb 3.608859 78 5.2 0.010615 
Dy 2.476471 71 0.4 0.000764 
Er 2.47424 71 2.4 0.004518 
Tm 1.691371 63 4.6 0.007749 
Yb 2.13266 68 1.1 0.001769 
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Figure A-14 Extraction plot for the second extraction for 1x10-4 M 2-13 in 1, 2-dichloroethane 

with 1x10-3 M COSAN with 1x10-4 M Lanthanides in 1 M HNO3. 

 
 
 
 Table A-14 Extraction data for Figure A-14. 

 D E % 
E %  
Error   δ 

La      7.042324 88 0.9 0.001704 
Ce    12.07993 92 0.5 0.000872 
Pr      7.336691 88 1.0 0.001893 
Nd      6.597772 87 0.5 0.001041 
Eu      8.7344 90 1.8         0.00363 
Gd      3.166586 76 0.5 0.001044 
Tb      5.003693 83 0.6 0.001353 
Dy      4.824602 83 6.2 0.012831 
Er      6.123995 86 0.5 0.001041 
Tm      6.590986 87   14.3 0.026872 
Yb      4.77633 83 1.6 0.002857 
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Figure A-15 Extraction plot for the third extraction for 1x10-4 M 2-13 in 1, 2-dichloroethane with 

1x10-3 M COSAN with 1x10-4 M Lanthanides in 1 M HNO3. 

 
 
 
 
Table A-15 Extraction data for Figure A-15. 

 D E % 
E %  
Error δ 

La 7.255523 88 1.3 0.002386 
Ce 6.896304 87 1.7 0.003242 
Pr 7.348703 88 0.7 0.001343 
Nd 6.645081 87 1.3 0.002706 
Eu 3.820919 79 3.7 0.007411 
Gd 4.424473 82 1.5 0.003297 
Tb 4.243548 81 4.5 0.009782 
Dy 3.227088 76 4.1 0.008433 
Er 2.173913 68 2.3 0.004654 
Tm 4.02852 80 6.2 0.011692 
Yb 3.639581 78 2.7 0.004693 
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Figure A-16 Extraction plot for 1x10-3 M 2-13 in 1, 2-dichloroethane with 1x10-3 M COSAN 

with 1x10-4 M Lanthanides in 1 M HNO3. 

 
 
 
Table A-16 Extraction data for Figure A-16. 

 D  E % 
E % 
Error  δ 

La        2.578523 72 0.2 0.000321 
Ce      12.23601 92 0.5 0.000985 
Pr      24.72811 96 0.1 0.000252 
Nd      25.60829 96 0.6 0.001159 
Eu      19.01718 95 0.2 0.000458 
Gd        8.561728 90 0.7        0.00148 
Tb      16.29296 94 0.3 0.000603 
Dy      66.93103 99 1.1 0.002138 
Er        6.838936 87 2.1 0.003923 
Tm        4.738149 83 0.9 0.001557 
Yb        4.371824 81 2.2 0.00335 
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Figure A-17 Extraction plot for the second extraction for 1x10-3 M 2-13 in 1, 2-dichloroethane 

with 1x10-3 M COSAN with 1x10-4 M Lanthanides in 1 M HNO3. 

 
 
 

Table A-17 Extraction data for Figure A-17. 

 D E % 
E % 
Error δ 

La   1.675842 63 1.7    0.003166 
Ce   6.427606 87 0.6    0.001136 
Pr   8.72621 90 1.9    0.003696 
Nd   3.753679 79 4.8     0.009828 
Eu   7.958333 89 1.3     0.002696 
Gd 15.05941 94 0.3     0.000551 
Tb   4.580183 82 9.4   0.02011 
Dy 14.25616 93 2.0   0.00412 
Er   2.383899 70 4.4     0.009037 
Tm   1.953846 66 13.8   0.02556 
Yb   3.521108 78 18.7     0.031988 
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Extraction Data for 2-14: 
 

 
Figure A-18 Extraction plot for 1x10-3 M 2-14 in 1, 2-dichloroethane with 3x10-3 M COSAN 

with 1x10-4 M Lanthanides in 1 M HNO3. 

 
 

Table A-18 Extraction data for Figure A-18. 

 D      E % 
E %  
Error δ 

La   5534.75 100 0.7  0.001258 
Ce     22.48742 96 3.6 0.00678 
Pr         6.294494 86 0.7 0.00132 
Nd     14.94819 94 4.0 0.008278 
Eu   10.5239 91 7.9  0.015915 
Gd         2.744684 73 2.5  0.005359 
Tb         5.148112 84 1.4  0.002937 
Dy         2.445022 71 2.5  0.005125 
Er         3.688668 79 7.8  0.015698 
Tm         1.995948 67 0.1 0.0001 
Yb         1.286418 56 3.8  0.006294 
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Extraction Data for 2-15: 
 

 
Figure A-19 Extraction plot for 1x10-3 M 2-15 in 1-Octanol with 1x10-4 M Lanthanides in 1 M 

HNO3. 

 
 
 
 
 Table A-19 Extraction data for Figure A-19. 

 D   E % 
E %  
Error δ 

La  -0.06512 -7 2.3 0.004244 
Ce  -0.01518 -2 0.5 0.000981 
Pr  -0.01526 -2 0.3 0.000557 
Nd  -0.03367 -3 0.2 0.000458 
Eu  -0.023 -2 0.1 0.000252 
Gd  -0.02529 -3 0.9 0.001973 
Tb  -0.02991 -3 0.1 0.000173 
Dy  -0.01953 -2 0.8 0.001677 
Er  -0.01744 -2 0.3 0.000666 
Tm  -0.02124 -2 0.4 0.000666 
Yb  -0.02323 -2 0.1 0.0002 
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Figure A-20 Extraction plot for the second extraction for 1x10-3 M 2-15 in 1-Octanol with 1x10-4 

M Lanthanides in 1 M HNO3. 

 
 
 

Table A-20 Extraction data for Figure A-20. 

 D   E % 
E %  
Error δ  

La   -0.03686 -4 0.3     0.000529 
Ce   -0.05748 -6 1.4     0.002598 
Pr   -0.04829 -5 1.2     0.002272 
Nd   -0.0535 -6 1.2     0.002476 
Eu   -0.0601 -6 0.4     0.000737 
Gd   -0.05457 -6 0.6     0.001222 
Tb   -0.0658 -7 0.3 0.0006 
Dy   -0.0543 -6 0.9     0.001888 
Er   -0.02391 -2 0.6     0.001229 
Tm   -0.01312 -1 0.6     0.001124 
Yb   -0.02137 -2 0.9   0.00155 
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Figure A-21 Extraction plot for the third extraction for 1x10-3 M 2-15 in 1-Octanol with 1x10-4 

M Lanthanides in 1 M HNO3. 

 

 
 
Table A-21 Extraction data for Figure A-21. 

        D     E % 
E % 

 Error δ 
La -0.04782 -5 1.0 0.001848 
Ce -0.04641 -5 0.8 0.001626 
Pr -0.03401 -4 0.2 0.000473 
Nd -0.0259 -3 0.2 0.000403 
Eu -0.02394 -2 0.3 0.000613 
Gd -0.03599 -4 0.2 0.000473 
Tb -0.02825 -3 0.9 0.001966 
Dy -0.02574 -3 0.4 0.000777 
Er -0.02414 -2 0.3 0.000661 
Tm -0.02892 -3 1.3 0.002369 
Yb -0.04223 -4 0.1 0.000115 
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Figure A-22 Extraction plot for 1x10-3 M 2-15 in 1-Octanol with 3x10-3 M COSAN with 1x10-4 

M Lanthanides in 1 M HNO3. 

 

 
 

 
Table A-22 Extraction data for Figure A-22. 

 D E % 
E %  
Error  δ 

La   -0.03835 -4 0.1 0.0002 
Ce   -0.01297 -1 0.2     0.000361 
Pr   -0.00571 -1 0.3     0.000666 
Nd   -0.02437 -2 1.1     0.002291 
Eu 0.000818   0 0.4     0.000794 
Gd   -0.00078   0 0.2 0.0005 
Tb   -0.00613 -1 0.6 0.0012 
Dy 0.01419   1 1.0     0.001973 
Er 0.004164   0 0.2     0.000493 
Tm   -0.00373   0 0.5     0.000896 
Yb   -0.00826  -1 0.7     0.001222 
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Figure A-23 Extraction plot for 1x10-3 M 2-15 in CH2Cl2 with 3x10-3 M COSAN with 1x10-4 M 

Lanthanides in 1 M HNO3. 

 
 
 
 
 Table A-23 Extraction data for Figure A-23. 

 D E % 
E %   
Error δ 

La 99.75926 99 0.2 0.000436 
Ce 119.8254 99 0.1 0.000263 
Pr 87.35385 99 0.2 0.000416 
Nd 108.6396 99 0.2 0.000404 
Eu 96.07937 99 0.6 0.001211 
Gd 106.9662 99 0.2 0.000519 
Tb 98.2 99 0.4 0.000907 
Dy 134.0 99 0.2 0.000346 
Er 63.30933 98 0.3 0.00066 
Tm 90.36752 99 0.4 0.000785 
Yb    91.83019 99 0.4 0.000643 
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Figure A-24 Extraction plot for the second extraction for 1x10-3 M 2-15 in CH2Cl2 with 3x10-3 M 

COSAN with 1x10-4 M Lanthanides in 1 M HNO3. 

 

Table A-24 Extraction data for Figure A-24. 

          D E % 
E % 
Error δ 

La 2719.5 100 0.3 0.000473 
Ce 258.5 100 0.7 0.001286 
Pr 3827.667 100 0.3 0.000495 
Nd   4055.667 100 0.0 7.07E-05 
Eu  138.0 99 0.5 0.001106 
Gd     356.389 100 0.1 0.000183 
Tb  123.0 99 0.3 0.000693 
Dy  606.5 100 0.1 0.000252 
Er 46.10156 98 0.4 0.000902 
Tm    2671.5 100 0.0 5.77E-05 
Yb 377.4615 100 0.2 0.000289 
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Figure A-25 Extraction plot for the third extraction for 1x10-3 M 2-15 in CH2Cl2 with 3x10-3 M 

COSAN with 1x10-4 M Lanthanides in 1 M HNO3. 

 

 
  Table A-25 Extraction data for Figure A-25. 

          D E % 
E % 

 Error δ 
La   -132.123 101 0.2 0.000419 
Ce   -112.464 101 0.3 0.000568 
Pr -3863.67 100 0.1 0.000265 
Nd   -104.612 101 0.1 0.000275 
Eu   -123.909 101 0.1 0.000252 
Gd     -98.3939 101 0.1 0.000231 
Tb     -99.5152 101 0.1 0.000183 
Dy 1036.75 100 0.8 0.001738 
Er      -91.9158 101 0.2 0.000492 
Tm    -126.378 101 0.7 0.001288 
Yb      -70.47 101 0.2 0.000346 
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Figure A-26 Extraction plot for 1x10-4 M 2-15 in 1, 2-dichloroethane with 1x10-3 M COSAN 

with 1x10-4 M Lanthanides in 1 M HNO3. 

 

 Table A-26 Extraction data for Figure A-26. 

          D E % 
E % 

 Error δ 
La    0.19983 17 0.9 0.001686 
Ce    0.284212 22 0.3   0.0006 
Pr    0.286093 22 1.2 0.002261 
Nd    0.281746 22 0.6 0.001229 
Eu    0.372033 27 1.2 0.002468 
Gd    0.23581 19 1.1 0.002402 
Tb    0.334997 25 2.0 0.004251 
Dy    0.258432 21 0.6 0.001159 
Er    0.204249 17 0.8 0.001721 
Tm    0.191526 16 1.6 0.003027 
Yb    0.156468 14 3.2 0.005559 
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Extraction Data for 2-16: 

 
Figure A-27 Extraction plot for 1x10-3 M 2-16 in CH2Cl2 with 1x10-4 M Lanthanides in 1 M 

HNO3. 

 
 
Table A-27 Extraction data for Figure A-27. 

 D E % 
E % 
Error δ 

La 0.031845 3 0.3 0.000513 
Ce   0.03446 3 0.3 0.000513 
Pr 0.030968 3 0.9 0.001739 
Nd 0.027285 3 0.6 0.001168 
Eu 0.025866 3 0.7 0.001442 
Gd   0.03725 4 0.3 0.000557 
Tb 0.019533 2 0.1  0.0002 
Dy 0.006009 1 0.2 0.000321 
Er 0.021154 2 0.1  0.0003 
Tm 0.031302 3 1.3 0.002386 
Yb 0.015307 2 0.2 0.000416 

 
 

         
  

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 

100 

La Ce Pr Nd Eu Gd Tb Dy Er Tm Yb

Lanthanides

%E 



 

155 
 

 
Figure A-28 Extraction plot for 1x10-4 M 2-16 in 1, 2-dichloroethane with 1x10-3 M COSAN  

with 1x10-4 M Lanthanides in 1 M HNO3. 

 
 
 
   Table A-28 Extraction data for Figure A-28. 

 D E % 
E% 

Error δ 
La 0.055015 5 0.3 0.000513 
Ce 0.072324 7 0.2 0.000361 
Pr 0.049352 5 0.6 0.001097 
Nd 0.066007 6 0.3 0.000529 
Eu 0.059754 6 2.3 0.004631 
Gd 0.038412 4 1.3 0.002859 
Tb 0.032985 3 0.7 0.001401 
Dy 0.023125 2 0.5 0.001015 
Er 0.042078 4 0.9 0.001907 
Tm 0.000899 0 1.2 0.002194 
Yb 0.021613 2 0.7 0.001212 
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Figure A-29 Extraction plot for the second extraction for 1x10-4 M 2-16 in 1, 2-dichloroethane 

with 1x10-3 M COSAN with 1x10-4 M Lanthanides in 1 M HNO3. 

 
 

Table A-29 Extraction data for Figure A-29. 

 D E % 
E %  
Error δ 

La  0.006067 1 0.8   0.001411 
Ce  0.060697 6 0.6   0.001201 
Pr  0.042032 4 0.8   0.001604 
Nd   0.03613 3 0.5   0.000971 
Eu  0.029659 3 0.3   0.000513 
Gd  0.028494 3 0.7   0.001434 
Tb  0.016024 2 1.1   0.002428 
Dy -0.00797 -1 0.4   0.000896 
Er -0.01718 -2 0.4   0.000833 
Tm -0.00108 0 0.2   0.0004 
Yb -0.0158             -2 0.5 0.000913 
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