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Abstract

The selective complexation of trivalent actinides (An(IIl)) over trivalent lanthanide (Ln(IIl)) is the
most challenging key issue for the developments of new efficient extractant because of their chemical
similarities. There is extensive research to find new efficient extractants for this purpose. These
attempts have been mainly based on the trial-and-error method and not focused on the molecular
interpretation. Understanding fundamental properties of extracted species must be crucial for the
development of more efficient extractant. However, despite some efficient extractants have been
examined by solvent extraction, natures of the extracted species, i.e. metal complexes, have not been
elucidated.

In this thesis, the Ln(IIl) nitrates and two neutral diamide derivatives, N,N,N’,N’-tetraalkyl-
diglycolamide (DGA) and N,N,N’,N’-tetraalkyl-3,6- dioxaoctanediamide (DOODA), were chosen as
model cases, the structure of their complexes and complex formation behavior were investigated by
single crystal X-ray diffraction, UV-visible, infrared (IR), and multi nuclear magnetic resonance
(NMR) spectroscopy techniques. This study also focused on the relationship between the molecular
structures and the selectivity of hard donor extractants through the systematical investigation across
the Ln(III) series.

The Ln(III) nitrate complexes (Ln=La-Lu, except for Pm) with DGA and DOODA were synthesized
and characterized in crystallographically to give a thorough picture of the structural features of these
complexes.

The complexations, stabilities and structures of Ln(III) nitrate complexes with DGA and DOODA in
acetonitrile solutions were investigated by UV-vis and multinuclear NMR spectroscopy. There are
significant differences in stabilities and structures between the light and heavy Ln(Ill) as
corresponding to the variations of distribution ratio (D). The complexations and stabilities of formed
complexes are strongly governed by labile kinetic properties of Ln(III) ions and lanthanide contraction.
Here, a deep understanding of the interaction between Ln(III) and hard donor extractant have been

provided from the view point of coordination chemistry.
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Chapter 1

General Introduction



1.1 Reprocessing of Spent Nuclear Fuels

Reprocessing of spent nuclear fuel has been one of the major concerns in utilization of nuclear
energy. The initial motivation of reprocessing was to isolate uranium (U) and plutonium (Pu) for
military purposes, but more recently with the purpose of recovery of both U and Pu has been attracted
to their re-use that also saves natural U resources. The PUREX (Plutonium URanium EXtraction,
Plutonium Uranium Reduction EXtraction) process is the most common industrial method. The
PUREX process is a solvent extraction method and is designed to recover > 99.9% of the incoming Pu
and U from the other transuranium elements (neptunium (Np), americium (Am) and curium (Cm)) and
fission products.[1,2] The fission products include every element from zinc (Zn) through the
lanthanides, e.g. noble gases, halides, 15- and 16-group elements, tin, indium, second row transition
metals, alkali metals, alkaline earths and about two-thirds of the lanthanide series.[3] During the
PUREX process, liquid wastes containing high-level radioactive elements, high-level liquid wastes
(HLLW), are produced. Although the relative amount of HLLW is small with respect to the total
volume of radioactive waste produced, it contains 95% of the radioactivity. Figure 1-1 shows the
relative radiotoxicity of the different components of spent nuclear fuel. The potential hazard of HLLW
generated by PUREX process is exceeds 10,000 years if only U and Pu are separated. Partitioning and
transmutation (P&T) is one of the key technologies for reducing the radiotoxicity and volume of
long-lived minor actinides (MA). (Radiotoxicity: relative to natural uranium ore.) Therefore, it would
reduce the period of radiotoxicity to 300-500 years and the final waste volume requiring disposal in
deep geological repositories.[4,5]
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Figure 1-1 Radiotoxic inventory of UOX fuel as a function of time (3.7% 235U, 45 GWd/tHM). [4]

However, separations of MA from other fission products have been playing key role to establish the
P&T technology. The difficulties arise from the similarities of oxidation states, chemical properties

and ionic radii between MA and lanthanides.



Chapter 1 General Introduction

1.1.1 Separations of Ln(IIT) and An(III) by Solvent Extraction

Although numerous separation processes exist, solvent extraction is the most facile method because
the choice is wide for the chemical system. To achieve the separation of MA, it is necessary to
separate them from other fission products especially for the trivalent lanthanides (Ln(IIl)). The Ln(III)
and the trivalent MA (An(Ill)) possess relatively similar physical and chemical properties. Examples
are follows:

. Stable in the acidic aqueous solutions with trivalent oxidation state

. Decreasing ionic radii along the series is traversed

. Accompanying 8-9 hydrated molecules in the first coordination sphere

i Possessing similar ionic radii and charge density for An(III) and Ln(I1I)

. Hard electron-acceptor properties according to Pearson's theory of hard and soft acids and

bases

. Orientation to form hard oxygen donor atom
The separation of An(IIl) must be achieved by selective extraction over the Ln(Ill). However,
properties listed above make the mutual separation of Ln(III)/An(Ill) difficult in a single step.
Consequently, most of separation processes of Ln(III) and An(Ill) comprise two steps. It has been
assumed that the slightly greater 5f orbitals can be responsible for some degree of covalency in the
bonding interactions between An(IIl) and soft bases, such as sulfur- or nitrogen- bearing extraction
reagent (extractant).[6,7] Therefore, two-step processes consist of: first, Ln(Ill) and An(II)
co-extraction process by hard donor atom bearing extractant (hard donor extractant), and second,
mutual separation process of Ln(III)/An(IIl) by soft donor atom bearing extractants (soft donor
extractant).[8] Today, there are few processes are available that allow recovery of An(Ill) in a single

step. However, none of the processes are available to adapt industrial processes yet.
1.1.2 Extraction Reagent (Extractant)

In order to achieve mutual separations of Ln(Ill) and An(IIl), numerous extractants have been
developed. The metal ions can only be transferred from an aqueous to an organic phase as an

uncharged complex with an extractant. There are two basic types of extractants, acid and neutral.[9]

Acid
The extraction mechanism of Ln(IIl) and An(IIl) ions by an acid extractant can be described by the
following equilibrium, where HL symbolizes an acid extractant in the organic phase. This reaction is

referred as a cation exchange process and depends on the aqueous phase acidity (or pH).

K
M3,y + 3HL(, ~——= ML,y + 3H* (Eq. D

Neutral
The extraction mechanism of Ln(IIl) and An(IIl) ions by an neutral extractant can be described by
the following equilibrium, where A™ symbolizes a counter anion of the aqueous phase and L is a
neutral extractant of the organic phase. The extraction into an organic phase requires the co-extraction
of a counter anion, often nitrate, in order to form an uncharged complex.
M¥*o + 3A g + Nl ‘LL- MAGL org) (Eq.2)

Logarithm expression of distribution ratio (D) and equilibrium constant (K,) can be derived as

9



follows:
logD = 3log[A™] + nlog[L] + logK.y (Eq. 3)

The plots of logD against log[L] will give information about the number of extractant (n) participating

in the extraction equilibrium.

Hard Donor Extractant

Both Ln(IIl) and An(IIl) are classified as hard ions and react with hard donors, such as oxygen. The
hard donor extractants, such as CMPO, malonamides and TRPO, have been widely examined for the
first step co-extraction of Ln(IIl) and An(Ill) from other fission products. For example, the
octyl(phenyl)-N,N’-di-iso-butylcarbamoyl-methylphosphine oxide (O®D(iB)CMPO) is the most
popular and utilized extractant for TRUEX process. Malonamides are also widely studied extractants
and N,N’-dimethyl-N,N’-dioctylhexylethoxy-malonamide (DMDOHEMA) was assigned as an
extractant of the DIAMEX process. The trialkyl phosphine oxide (TRPO) process was developed in
China during the 1990s for TRPO process.[1] The structures of these extractants are shown in Figure
1-2.

R
C,H,0CH 1
i, ///\ H,C |2 46 13 CH, \
C AN / R, —P=—0
N 2
p~ \ﬁ/ /N—C—CH—c—N\ /
!l) 0 CgHyy ” ” CgHyy &
0 0 TRPO Trialkylphosphine oxide

O(®)DiBCMPO DMDOHEMA R,R,,R, = hexyl, heptyl, octyl (1:5:4)
Figure 1-2 Structures of hard donor extractants used for the Ln(III)/An(III) separation processes.

Soft Donor Extractant

Most of mutual separation processes of An(IIl) over Ln(IlI) were utilized the extractant possessing
soft donors with sulfur or nitrogen atoms. For example, significantly large separation factors
(SFIAm/Eu]) in extraction systems of Cyanex 301. The nitrogen-bearing ligands generally used as a
aqueous solution.[10] The N-donor ligands have the advantage of being completely incinerable and
follow the CHON-principle (extractants that contain only C, H, O and N elements are preferred)
leading to reduced secondary wastes. The 24,6-tri(2-pyridyl)-1,3,5-triazine (TPTZ) and
bis-triazinyl-1,2 4-pyridines (BTP) derivatives have been widely investigated.[1] The structures of

these extractants are shown in Figure 1-3.

: - -

p )
HS/ ﬁ W/Ej\r ﬁ g
iPr-BTP TPTZ

CYANEX 301 2,6-bis(5,6-isopropyl-1,2,4-triazin-3yl)-pyridine 2,4,6-tri(2-pyridyl)-1,3,5-triazine

bis(2,4,4-trimethylpentyl)
di-thiophosphinic acid

Figure 1-3 Structures of soft donor extractants used for mutual separation processes of Ln(III) and An(III).

Bitopic N, O ligands
Recently, soft (N)-hard (O) hybrid donor are in interest because N-donors of the pyridine group can
discriminate between 4f- and 5f-elements and the carbonyl group can contribute to the stability in

10



Chapter 1 General Introduction

contacting acidic solutions.[11] Picolinamides (2-pyridine carboxyamides) bear soft-hard hybrid donor
atoms and it extracts An(III) from weakly acidic solution. The pyridine-2,6-dicarboxyamides (PDA)
were investigated and showed higher extraction of An(IIl) owing to two carbonyl groups in acidic
solution.[12] However, their separation abilities are rather low compared with original soft donor

extractants. The structures of these extractants are shown in Figure 1-4.

R

CHs AN CHs
\ R r|\1 ‘ N/ r|\1
J I ©/ N @
Rs o (¢}

N

(e}

Picolinamide N,N'-dimethyl-N ,N'-diphenylpyridine-2,6-

dicarbocyamide

Figure 1-4 Structures of bitopic N, O extractants.

Neutral Diamide Extractant

Neutral diamide compounds are hard donor extractants and have been found to be an efficient
extractant of co-extraction of Ln(Ill) and An(Ill). Malonamides are one of the most extensively
investigated extractant and N,N’-dimethyl-N,N’-dioctylhexylethoxy-malonamide (DMDOHEMA) was
proposed as an extractant of the DIAMEX process as explained above. Malonamides have two oxygen
atoms, which are electron donors and coordinate to Ln(IIl) and An(III). Owing to the fact that the poor
preorganization of the two carbonyl groups of malonamides, an ether oxygen was introduced between
the two amide groups. N,N,N’,N’-tetraalkyldiglycolamide (DGA) and N,N,N’,N’-tetraalkyl-3.,6-
dioxaoctanediamide (DOODA) have been found to have an affinity to Ln(IIl) and An(IIl) in both
organic and aqueous phase. Figure 1-5(a) shows the structures of DGA and DOODA. The lipophilic
DGA derivative, N,N,N’,N’-tetraocthyl diglycolamide (TODGA), has a strong affinity to An(Ill) and
Ln(Ill) and can separate them from other fission products. The hydrophilic DGA derivative,
N,N,N’,N’-tetraethyldiglycolamide (TEDGA) can be act as the back extraction reagent or the masking

agent.
103“‘\“‘\“‘\“‘\“‘\“‘“““
O 0.2 M DOODA-3 M HNO;
® 0.1 M TODGA-0.5 M HNO;
/ r X o®
10% | ° ]
° [ J
Dlglycolamlde(DGA oo
R: CoH5(TEDGA)  CgH47(TODGA) S 10 70000 . |
Q O
O
Co
0 ¢ OOOO
107 ¢ ° [ J 07
*<7 ‘% *
‘]0'1 I I I I I I I

Dioxaoctanediamide(DOODA)
R: C,H5(DOODA-C2)  CgH47(DOODA-C8)
Atomic number of Ln

(a)
(b)
Figure 1-5 (a) Structures of DGA (top) and DOODA (bottom), (b) plots of D(Ln) against atomic number for
DOODACS8 and TODGA extraction.[13]

56 58 60 62 64 66 68 70 72

As shown in Figure 1-5, TODGA shows high selectivity especially from middle to heavy Ln(III).
On the other hand, the lipophilic DOODA derivative, N,N,N’,N’-tetraocthyl-3,6-dioxaoctanediamide

11



(DOODCACS), shows the opposite tendency in D values across the Ln(III) series.[13,14,15,16] The
An(III) ions behave as light Ln(IIl) ions in these extraction system. Therefore, the combine use of
these lipophilic and hydrophilic diamide derivatives which have high D value for light Ln(Ill) ions
such as DOODA and high D value for heavy Ln(IIl) such as DGA is expected to display large
separation factors between An(IIl) and Ln(III) species. Such a process has a potential to achieve one
step mutual separation of Ln(IIl) and An(III).[17,18]

1.1.3 Development of New Extractant

The development of new extraction for the selective binding and the separation of An(IIl) over
Ln(III) in solutions is real challenge because of the (i) similar properties of Ln(IIl) and An(III), and (ii)
complexities of molecular interactions between metal ions and other molecules such as solvent
molecules, extractants and counter anions. With regard to O-bearing hard donor extractants, the
bonding nature is primarily ionic and mainly governed by charge density.[19] Therefore, hard donor
extractants and nitrate ions would compete with each other in inner-sphere vs. outer-sphere
coordination. Moreover, Ln(III) ions are stereochemically spherical and are known as being kinetically
very labile with water exchange rate in the range 10’-10° s™'.[20]

These facts must be a problematic for development of new extractant that bears oxygen as a part of
donor such as a bitopic N-,0-bearing hybrid extractant. Compared with complexation in homogeneous
solutions, extraction processes are more complex because they involve a lot of chemical and physical
interactions between molecular species. However, in many cases of extractants associate with Ln(III)
and An(II), the chemical structures or properties of the extracted species remain unclear. There
remains a need for an alternative approaches for design and development for an efficient extractant for
the separation of An(III) over Ln(III).

12



Chapter 1 General Introduction

1.2 Scope of This Thesis

The selective complexation of An(IIl) over Ln(IIl) is the most challenging key issue for the
developments of extraction reagent (extractant). There is extensive research to find new efficient
extractants for this purpose. These attempts have been mainly based on the trial-and-error way and not
based on the molecular interpretation. Understanding fundamental properties of extracted species must
be crucial for the development of more efficient extractants. However, despite some efficient
extractants have been examined by solvent extraction, the natures and the structures of the extracted
species, i.e. metal complexes, have not been elucidated.

In this context, coordination chemistry of Ln(III) and An(III) has potentially important implications.
To clarify the molecular structure of extracted species would provide insight into both coordination
chemistry of the felements and the factors for affecting selectivity of extractants. Especially for hard
donor extractants, it is believed that chemical bonds are ionic and the selectivity of these extractants
are mainly governed by ionic radii and charge density of Ln(III) or An(Ill). However, the distribution
ratios (D) do not always show linear relation with ionic radii or charge density of Ln(III) series. There
should exist any relations between molecular structures and extraction efficiency other than ionic radii.

As outlined previous chapter, neutral diamide derivatives have been recognized as the promising
extractant for separations of Ln(Ill) and An(IIl) from other fission products. The combine use of
lipophilic or hydrophilic diamide derivatives which possess different selectivity to Ln(III) and An(III)
is of interest and has high potentiality for one-step mutual separation. Despite of their high efficiency
and the interesting feature, very limited information is available for the properties of extracted Ln(III)
and An(IIl) species (complexes). In addition, the extraction into an organic phase requires the
co-extraction of counter anion, often nitrate, in order to form an uncharged complex. Since both the
diamide extractants and nitrate ion act as hard donor ligands which interact with Ln(III) and An(III)
electrostatically not covelently, their chemical lability make experimental observations and analyses
difficult in solutions.

The Ln(III) nitrates and neutral diamide derivatives (DGA and DOODA) as model cases, this study
focused on the relationship between the molecular structures and the selectivity of hard donor
extractants through the systematical investigation throughout the Ln(IIl) series in both solid and
solution states. The structures of the complexes and complex formation behaviors were investigated by
single crystal X-ray diffraction, UV-visible, infrared (IR), and multi nuclear magnetic resonance

(NMR) spectroscopy techniques.

This thesis is composed by 7 chapters as follows:

Chapter 1 General Introduction

Chapter 2 Syntheses and Characterizations of Lanthanide(III) Nitrate Complexes with TEDGA

Chapter 3 Complexation and Structural Studies of Lanthanide(III) Nitrate Complexes with TEDGA
in Acetonitrile Solutions

Chapter 4 Syntheses and Characterizations of Lanthanide(IIl) Nitrate Complexes with
DOODAC2

Chapter 5 Complexation and Structural Studies of Lanthanide(III) Nitrate Complexes with
DOODA in Acetonitrile Solutions

Chapter 6 Effect of Nitrate on Complexation of Lanthanide(III) with DGA and DOODA

Chapter 7 Summary
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1.3 Chemistry of Lanthanides and Actinides

1.3.1 History

The discovery of the rare earth elements began in 1787 when Carl Axel Arrehenius, a young
Swedish army officer, happened upon a new mineral at Ytterby, a small town near Stockholm, Sweden.
He found a new, very dense black mineral which after he named ‘ytterbite’, later renamed ‘gadolinite’.
The first chemical analysis was carried out in 1794 by the Finnish chemist Johan Gadolin. From this
mineral, he isolated ytteria - Y,0;. Ytteria was later revealed to be a mixture of the oxides of no fewer
than ten new elements, yttrium (Y), terbium (Tb), erbium (Er), ytterbium (Yb), scandium (Sc),
holmium (Ho), thulium (Tm), gadolinium (Gd), dysprosium (Dy) and lutetium (Lu).[21,22,23] In
1989, the mine was elected as the "Historical Landmark of the year" by the American Society of
Metals. (Figure 1-6(a)) The names of the street in Ytterby reflected to the name of many of these
elements. (Figure 1-6(b))

rensghsx ]l

FORMEDLING

(@ (b)
Figure 1-6 (a) Memorial plaque of the ASM International society at the entrance of Ytterby mine near
Stockholm, Sweden and (b) street plate at Ytterby in May, 2012.

Shortly after Gadolin’s discovery, M.H. Klaporth in France and, independently, J.J. Berzelius and
W. Hisinger in Sweden started the isolation of ceria (Ce,0;) in 1803. Cerite was also revealed to be a
mixture of lanthanum (La), praseodymium (Pr), neodymium (Nd), samarium (Sm), gadolinium (Gd)
and europium (Eu). In 1907, with the final discovery of lutetium (Lu), all of the naturally occurring
rare earth had been isolated. The completion of the lanthanide series was by synthesized and
characterized of the missing radioisotope element, promethium (Pm) in 1947. Figure 1-7 shows the
progress in discoveries of the rare earth elements.

Thorium (Th), protoactinium (Pa), and uranium (U) are the only naturally occurring actinide
elements. None of the other actinide elements occurs naturally. They must be synthesized by nuclear
reactions. These 14 elements recognized as a new family in periodic table with fourth atomic primary
quantum shell. Many of transuranium elements were synthesized by GT. Seaborg as a result of the
research of nuclear science. On the periodic table, 14 elements, the atomic number from 57 to 71, from
89 to 103 of rare earth (lanthanide) and actinide are listed, respectively.

14
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Figure 1-7 Chronology and dendrology of the isolation of rare earths. [21,23]

1.3.2 Physical and Chemical Properties

Oxidation States

In general, the +3 oxidation stat is the most stable for all the lanthanide, while +2 and +4 are known
for several lanthanides in the solid state. For the early actinides (An= Ac-Np) have higher oxidation
states such as +6, +5 and +4. For the later actinides (transplutonium), most of elements tend to exhibit
stable oxidation state, +3, as same as lanthanide, and thus resembling the Ln(II). As shown in Table
1-1 and Table 1-2, the ionic radius of An(IIl) are close to that of Ln(III). The solution chemistry of the
Ln(IIT) and An(IIl) are not just similar, they are known that nearly identical in aqueous solutions. Both
Ln(IIT) and An(III) are classified as hard ions and react with hard donors bearing such as oxygen atom.
On the other hand, the nature of 5f electrons has large relativistic effect and degree of covalency
makes the An(IIl) ions slightly softer than Ln(III) ions.

Lanthanide and Actinide Contraction

There is a steady decrease in metallic and ionic radii of the Ln(Ill) as the lanthanide series is
traversed from La to Lu. The ionic radii for six-, nine- and twelve-coordination of Ln(III) are listed in
Table 1-1. The shrinking of the ionic radii as the 4f sub-shell is filled is referred as the "lanthanide
contraction".[24] This occurs due to the relativistic effects.[25],26] Figure 1-8 shows the radial
distribution functions of 4f, 5s, 5p, 5d, 6s and 6p. The 5s and 5p orbitals penetrate the 4f subshell and

are not shielded. The increase in 4f electrons only partly shields the increase in nuclear charge.
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Therefore, as the atomic number increases the effective attraction between the nucleus and the outer
electrons increases, and results cause shrinkage of the ionic radius. A similar contraction can be found
in the actinide series.[27] The ionic radii for six- and eight-coordination of Ln(IIl) are listed in Table
1-2.

Table 1-1 Electron configurations and ionic radii of the Ln(IIl) in six-, nine- and twelve-coordination [28]
Electron Tonic Radius(A) Tonic Radius(A) Tonic Radius(A)

# - Symbol - figurations CN=6 CN=9 CN=12
20 Ca* [Ar] 0.99 1.18 n.a
21 Sc* [Ar] 0.75 093 1.06
39 Y* [Kr] 0.90 1.08 122
57 La* [Xe] 1.03 1.22 1.36
58  Ce* [Xel4f! 1.01 1.20 134
59 Pprt [Xel4f 0.99 1.18 132
60 Nd* [Xel4f 0.98 1.16 1.30
61 Pm’ [Xel4f* 0.97 1.14 1.28
62 Sm** [Xel4f 096 1.13 127
63 Eu* [Xel4f® 0.95 1.12 1.25
64 Gd* [Xel4f’ 0.96 1.11 1.24
65 Tb* [Xel4f® 0.92 1.10 1.23
66 Dy [Xel4f’ 091 1.08 122
67 Ho™ [Xel4f™® 0.90 1.07 121
68  Er* [Xel4f" 0.89 1.06 1.19
69 Tm* [Xel4f' 0.88 1.05 1.18
70  Yb* [Xel4f"? 0.87 1.04 1.17
71 Lu* [Xel4f' 0.86 1.03 1.16

Table 1-2 Electron configurations and ionic radii of the An(Ill) in six- and eight-coordination [28]
Electron Tonic Radius(A) Tonic Radius(A)

#  Symbol Configurations CN=6 CN=8
89  Ac* [Rn] 1.12 1.26
90 Th* [Rn]4f!

91 Pa* [Rn]4f> 1.05 12
92 U* [Rn]4f® 1.028 1.16
93  Np* [Rn]4f* 1.011 1.141
94  Pu* [Rn]4f° 0.995 1.123
95 Am?* [Rn]4f® 0.98 1.106
96 Cm?* [Rn]4f’ 097 1.094
97  Bk* [Rn]4f® 0.955 1.077
98 Cf* [Rn]4f° 0.945 1.066
99  Es* [Rn]4f'° 0.934 1.053
100  Fm* [Rn]4f" 0.922 1.04
101 Md* [Rn]4f" 0912 1.028
102 No* [Rn]4f"? 0.902 1.017
103 Lr* [Rn]4f" 0.896 1.01
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Figure 1-8 Radial distribution functions of 4f, 5s, 5p, 5d, 6s, and 6p electrons for cerium [29]

1.3.3 Structural Chemistry of Ln(III) Complexes

Many transition metals have more than one oxidation state and adopt characteristic coordination
numbers for each oxidation state. The lanthanides adopt primarily the +3 oxidation state, however, the
lanthanides do not have characteristic coordination number. The outer 5s* and 5p° sub shells shield
inner 4f electrons from outer interactions, hence, the Ln(IIl) are essentially spherical like alkali and
alkaline earth ions. The bonding in Ln(IIl) complexes will be mostly ionic in nature and the
geometrical arrangement of the ligands will not be affected by bonding requirements but by steric
requirements. The Ln(III) interact strongly with negatively charged groups because of the electrostatic

nature of their own.

Table 1-3 The statistic number of lanthanide complexes with different coordination number [27]
Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

CN La Ce

3 1 1 1 2 1 1

4 3 3 1 1 1 7 2
5 3 3 3 4 1 3 3 1
6 8 7 12 8 15 10 7 3 1 6 1 20 7
7 10 7 5 10 12 7 6 1 1 5 1 13 6
8 31 36 27 53 73 34 24 6 13 16 39 5 68 40
9 31 17 26 26 36 32 25 11 16 12 25 5 21 13
10 33 20 16 16 18 13 4 1 3 2 2 1 9 1
11 14 5 6 6 2 3 1 2

12 11 7 2 2 1 1 1

total 144 106 97 97 158 102 69 21 41 33 80 13 144 70

The Ln(IIl) have a wide range of coordination numbers from 3 to 12. Table 1-3 shows the number
of lanthanide complexes with different coordination number. Many factors affect coordination
numbers and coordination polyhedral. When small ligand like water, chloride, carbonate or nitrate
bind to metal, coordination number is determined by how many ligands can wrap around the metal
ion.[30] Still now, there is no certain way to know the coordination number of Ln(IIl) species and the
structure cannot be known until the synthesis have completed. Single crystal X-ray diffraction is the
only certain way to know the coordination environment around Ln(III). Here some examples of the

structural chemistry of coordination number 8, 9, 10 and 12 are presented.
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Coordination Number 8
Ln(IIl) complexes with eight-coordination are well known. The two polyhedra of coordination
geometry of eight-coordination are the square anti prism (D,y) and the dodecahedron with triangular
faces (D,4).[31,32,33,34] The idealized polyhedra are shown in Figure 1-9. The geometrical distortions
required to send one structure into another are often rather small. The energy difference between these
two types of polyhedral is also very small.
The square antiprism may be characterized by following two shape parameters; [31]
(1) The ratio of the length of the side of a triangular face to that of the edge of the square face
(1/S) and
(2) the angle between the 8 fold axis and the vector from the central atom to one of the atom
on the vertex of the square.
The most favorable values for the two parameters are 1/s = 1.057 and 0 = 57.3°.
The dodecahedron may be characterized by following three parameters,
(1) 0,: the angle between the 4 fold axis and the bond vector of central atom to vertex A (M-A)
(2) Ojg: the angle between the 4 fold axis and the bond vector of central atom to vertex B (M-B)
(3) the ratios of bond length M-A/M-B
The most favorable values for the three parameters are 0, = 35.2°, 05 = 73.5° and M-A/M-B = 1.03.

(a) (b)
Figure 1-9 Idealized octa-coordination polyhedra (a) square antiprism(D,,) (b) dodecahedron with triangular
faces (D,y), labeled according to Hoard and Silverton.[31]

Coordination Number 9

Nine-coordinate structures are common among light Ln(IIl). The most common polyhedron is
tricapped trigonal prism (D). [35,36] Less favorable monocapped square antiprismatic (C,,)
geometry can also be found in some Ln(III) complexes. The idealized polyhedra are shown in Figure
1-10. Rearrangement in the nine-coordination polyhedral readily generated by stretching motion as
shown in Figure 1-11. Guggenberger and Mutterties proposed the criteria for distinction of both
geometry based on the dihedral angles along the edges of the coordination polyhedron.[37]

To examine of opposite triangular faces and measure their deviation from planarity (180° for the
planar case) is most expeditious way to make symmetry distinction. The dihedral angle criteria for

idealized nine-coordination structures are listed in Table 1-4.
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D

(a) (b)
Figure 1-10 Idealized nine-coordination polyhedra (a) tricapped trigonal prism (Ds,) (b) monocapped square
antiprismatic (C,,).

4
6
3
9
7
D3y,

Figure 1-11 Rearrangement process from Dy, to Cy,.

Table 1-4 Dihedral angles in nine-coordination for idealized complexes. See Figure 1-11 for plane
identifications.

Symbol Type of faces Face 1 Face 2 Angle (°)
Opposed(L) 4,6,5) (7.8,9) 180

Dy, Opposed(|]) (1,74) (2,6,9) 3at 1464

Vicinal(]|) 1,74) 34,7 3at264

Opposed (1,5,8) (3,6,9) 2 at 163.5

C, Opposed (145) 3,79 2 at 138.2
Vicinal(_L) 134 1,7,3) 0.0

Coordination Number 10

The coordination polyhedra for ten-coordination have been reported for various Ln(III) complexes.
[38, 39, 40] Three types of coordination polyhedra considered for ten-coordination are the bicapped
square antiprism (D,,), the bicapped dodecahedron (D,) and the polyhedron based on a dodecahedron
(C,,).[41] The idealized polyhedra are shown in Figure 1-12. In each polyhedron, vertices placing at
the capped position in D4, or position C in D, and C,,, are linked to 4 other vertices and others are
linked to 5 others.

The bicapped square antiprism (D,,) is the most favorable geometry for ten-coordination. When all
the central atom to each vertex distances are the same, then the shape of the bicapped antiprism is
defined by the angle, 0, between the 4 fold axis and the bond vector of central atom to vertex A. The
most favorable angular parameter for the bicapped square antiprism polyhedron (D,) is 0 = 64.8°. In
the bicapped dodecahedron (D,), most favorable angular parameters are 6, = 32.8°, 05 = 77° and 0, =
60°. In the polyhedron based on a dodecahedron (C,,), most favorable angular parameters are 0, =
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32.8°,05 =65.8° and 0. = 63.8°.

C
O
B B
‘ A
2 2
8 (b) ©

(a)
Figure 1-12 Idealized ten-coordination polyhedra (a) the bicapped square antiprism (D,,), (b) the bicapped
dodecahedron (D,) and (c) the polyhedron based on a dodecahedron (C,,), labeled according to Al-Karaghouli,
and Wood. [41]

Based on the repulsion energies, the biccaped square antiprism is the most stable geometry for
ten-coordination. Assuming that the five bidentate ligand are wrrapping around the metal ion, two

arrangements, cis and trans, are possible. The two differenct arrangements are shown in Figure 1-13.
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(a) (b)

Figure 1-13 Two bicapped square antiprismatic isomers, (a) cis conformation and (b) trans conformation [35]
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Coordination Number 12

Twelve-coordination can be found in the Ln(Ill) complexes with macrocyclic ligands such as
18-crown-6 ether. High coordination numbers can also be found when the small multidentate ligand
with a small “bite angle” such as nitrate or carbonate, or in combination with other ligands.[30] The
large homoleptic twelve-coordinate [M(NO,)s]** (M=La(IlI)-Dy(III) and Pu(IV)) ions are known to
co-crystallize with large cationic complexes.[42,43 .44 .45.46,47] Dy(Ill) is the largest metal among the
Ln(1II) and An(III) to form [M(NO,)s]** type anion.[48]

The polyhedron of twelve-coordination is icosahedron. Icosahedron is a polyhedron with 20
triangular faces, 30 edges and 12 vertices as shown in Figure 1-14. A regular icosahedron would
require 60° angles between the symmetry axis and the bond vector of central atom to vertex, and all 12

vertices are identical and are linked to 5 other vertices. Three structural isomers may be formed by
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wrapping six bidentate ligands along the edges of an icosahedron as shown in Figure 1-15. Isomer I is

the most high symmetric with the symmetry 7}, compared with other isomers.

o

TN R

Figure 1-15 Icosahedral isomers with six bidentate ligands, [M(bidentate),]. [35]

Figure 1-14 Regular icosahedron (I;).

1.3.4 Solution Chemistry of Ln(III) and An(III)

Metal Ion Solvation

Numerous studies of the solvation, solvent exchange or complex formation processes of Ln(III) and
An(IIl) ions, particularly in aqueous solution have been reported.[49,50] Solvation properties of metal
ions provide an important perspective as a reference for further studies on complexation, because
generally first shell solvent molecules are replaced by the ligand upon coordination. It is therefore
kinetics and mechanisms of solvent exchange have been studied to understand fundamental reaction
for metal ions.[51]

Complexation of Ln(IIl) and An(IIl) in organic solvent is also important because solvent extraction
is usually performed with organic solvent and Ln(III) and An(IIl) ions are extracted to the organic
phase. Although most of the anion coordination often occurs, even in non-aqueous polar organic
solvents such as dimethylsulfoxide (DMSO), alcohols or acetonitrile, where Ln(III) salts are soluble,
have been received less attention. Here some historical and recent studies of solvation and

complexation of the Ln(IIl) are briefly introduced.
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Aquo Complexes (Solvation in Water)
Historically, for cations in aqueous solution, a model consisting of four structurally different zones

of solvation about the cation was proposed by J. Burgess.[51] The four zones are as follows:

. Zone A is the primary solvation shell in which solvent
molecules are directly bonded or interacting with the cation.

. Zone B is a secondary solvation. An additional number of
water molecules are influenced by the charge field of the

cation.
. Zone C is a disorderd region in which the cation-oriented
waters of zone B compete with the bulk structure of D.

e OQutermost zone D is a bulk solvent. Figure 1-16 The environment of
a cation in solution.

In the aqueous solutions, the most common complex is Ln(IIl) aquo ion, i.e, [Ln(H,0),]**. The
coordination number of Ln(III) aquo complexes is now believed to be 9 for the light lanthanides (La—
Eu) and 8 for the later metals (Dy—Lu), with the intermediate metals exhibiting a mixture of species.
[52] Figure 1-17 shows the calculated nona (left) and octa (right) aqua ion of Ln(II).[53]
Skanthakumar et al. reported that the coordination environment of the hydrated Cm(III) ion probed to
be nine both in the solid state and in solution. [54,55,56,57]

Figure 1-17 Calculated nona (left) and octa (right) aqua ion.[53]

Solvation in Organic Solvent

Most of the experimental studies have focused on water as solvent.[52] In contrast to aqueous
solvation, there are limiting experimental results that report the solvation numbers (coordination
numbers) and the corresponding metal to solvent distances.[58] Recently, molecular modeling
simulations have contributed for understanding of Ln(III) solvation. They gave reasonable results for
Ln(III)-solvate distances and corresponding coordination numbers. For example, Baaden et al.
performed the molecular dynamics simulations for the un-complexed Ln(III) solvating in acetonitrile
in the absence and presence of counter anions. In case of absence of counter anions, coordination
number varies from 9.75 for La(IIl) to 7.95 for Yb(III).[S9] These coordination numbers are almost
consistent with the solid-state structure of Ln(MeCN),™* (Ln = La, Pr and Sm) and Yb(MeCN)y**
reported by Deacon et al.[60] In other example, Bernardo et al. reported that the average number of
metal-coordinated DMSO in acetonitrile/DMSO mixtures was estimated by FT-IR spectroscopy.[61]
The coordination number changed smoothly from 7.8 for La(IIl) to the lowest value of 7.4 for Lu(III).
Coordination numbers vary wildly with both the nature of the ligands, counter ions and the

composition of the solutions, although coordination number = 9 is often found (cf. the acetonitrile
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solvates).

Complex Formation with Charged Inorganic Ligands

The interactions of Ln(IIl) with various anions have been studied, such as perchlorate, triflates,
halides and nitrates in various organic solvents. For example, interactions between nitrate ions and
Ln(IIT)s have been studied in various solvents, e.g. aqueous and anhydrous alcohols[62], DMF[63,64],
acetonitrile[65], water-acetone-Freon-22 mixtures[66,67,68,69,70,71]. Biinzli et al. reported from
FT-IR spectral studies in acetonitrile solutions, and showed the formation of [Ln(NO;)s]* (Ln=La, Nd,
Eu, Tb and Er) with coordination number 9.9 and the coordination mode of nitrate showed
approximate C,, symmetry.[72] Fratiello et al. revealed formation of mono-, bis-, tetra-nitrato
complexes from "N NMR spectroscopy for lanthanide complexation with nitrate in
water-acetone-Freon-22 mixtures at —115 C°.[71] Silber et al. reported that [Eu(NO;)]*, [Eu(NO;),]",
and [Eu(NO,);] species are in water-methanol mixtures, and complexation are thermodynamically
different in the same conditions among Ln(III) ions (Ln= Nd, Eu and Er).[62] In addition, Choppin et
al. suggested that the light Ln(IIl) (Ln = La—Sm/Gd) species form LnNO;** complexes more stably
than the heavy Ln(IIl) (Ln = Tb—Lu) from thermodynamic data on the association reaction of Ln(III)

ions with nitrate in water.[73]

Complex Formation with Neutral Organic Ligands
In general, a complex formation in aqueous solution with a neutral ligand is occurred by replacing

solvated solvent to a ligand. The equilibrium and stability constants are defined as follows:

ML
M+ L < ML Ky= ﬁ (Eq. 4)
ML + L <= ML Ko= % (Eq.95)
ML,y + L= WML, Kn= ML, (Eq. 6)
MLpA]IL]
The products of individual stability constants give overall formation constants denoted by:
B = Ky (Eq.7)
B2 =K1 K, = (M) (Eq.8)
[M][L]?
. [MLy]
[)’n=L_1[Kn=W (Eq.9)

Stability constants have been reported for both inorganic and organic ligands in aqueous and
non-aqueous solutions. Many methods have been utilized to this purpose, such as luminescence,
infrared vibration, nuclear magnetic resonance, electron magnetic resonance, electron paramagnetic
resonance, spectrophotometry, conductometry or calorimetry etc.

Ln(IIl) ions are hard acids which prefer to form bonds with O-donor ligands. The interaction of
Ln(IIT) with acidic O-donor ligands such as fB-diketon in aqueous solutions, and various types of
neutral organic ligand such as macrocyclic ligands in non-aqueous solutions have been well studied.
For example, Ln(II) complexes with -diketones such as [Ln(thd),;] (thd=Bu'C(O)CHC(O)Bu') and
many analogues have been prepared and used as NMR shift reagents.[23] DMSO is a strong donor
solvent which dissolves the Ln(IIl) salts readily. Lugina et al. reported that the Nd(III) perchlorate
forms [Nd(DMSO),](ClO,); in DMSO solution.[74] Macrocyclic ligands are define as compound with
a hydrophilic cavity in which Ln(III) can be accommodated. The stability of the Ln(IIl) complexes
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with crown ether derivatives have been extensively determined.

14 Experimental Methods

The objectives of this thesis is to clarify the structures of Ln(III) complexes. In order study the
stabilities, dynamics and structural properties of these complexes, combine use of several
experimental techniques is necessary. This chapter describes the general principles and backgrounds

and methods used in this thesis.
1.4.1 Electronic Absorption Spectroscopy

The 4f shells of lanthanide elements are unfilled, different arrangements of 4f electrons generate
different energy levels. A partial energy diagram is shown in Figure 1-18. The 4f electron transitions,
between the various energy levels, could generate numerous absorption and emission spectra.
However, since the 4f shell is efficiently shielded by the closed 5s and 5p shells, the effect of
coordination of the ligand has only a weak influence on the electric environment of lanthanide
ions.[75] In addition, Ln(IIl) coordinate with ligands through 5d orbital, thus the vibronic coupling,
which is usually observed in a transition metal coordination compounds, is not occur at f-f

transition.[76]
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Figure 1-18 Energy level diagram for Ln(III) ions doped in a low-symmetry crystal, LaF;.[77]

24



Chapter 1 General Introduction

There are three transition mechanisms for lanthanide ions, namely the magnetic dipole (MD)
transition, the induced electric dipole (ED) transition and the electric quadrupole (EQ) transition. The
MD transitions are allowed, but only a few of them for lanthanide ions are exist and their intensity is
weak. The EQ transitions are also allowed, but their intensities are much weaker than MD transitions.

The majority of the observed optical transitions in lanthanide ions are induced ED transitions. Since
the 4f orbitals are odd function, f-f transitions are Laporte forbidden. However, when the lanthanide
ion is under the influence of a ligand-filed, non-centrosymmetric interactions allow the mixing of
electronic states of opposite parity into 4f wavefunctions, and the transition becomes partially allowed.
It is the induced ED transition and some of induced ED transitions are sensitive to the changes in the
environment around lanthanide ions and are called hypersensitive transitions. A list of the

hypersensitive transitions for Ln(III) ions are given in Table 1-5.

Table 1-5 Hypersensitive transitions for trivalent lanthanide ions [78]

Ln Transition v /cm’ A /nm
Pr F, —~ “H, 5,200 1,920
Nd *Gsp — T 17,300 578
Hyp ‘Fsp « Ly 12,400 806

‘G Kizp — oy 19,200 521

Sm *F1,'Fyp — °Hsp 6,400 1,560
Eu D, ~ F, 21,500 465
D, « F, 18,700 535

Dy~ 'F, 16,300 613

Gd N ) A 32,500 308
Dy Fiin— Hisp 7,700 1,300
‘G, Tisp « “Hisp 23,400 427

Ho *H I 27,700 361
°Gg— I 22,100 452

Er ‘Gup— ‘Lisp 26,400 379
Hyyp <Tispn 19,200 521

Tm G, - °H, 21,300 469
H, — °Hq 12,700 787

°F, —« “Hyq 5,900 1,695

The intensities of hypersensitive transitions are usually small and are strongly affected by not only
the coordination environment around Ln(IIl) ions, but also the polarity of the solvent, ionic strength,
or acidity of the aqueous solution.[78] Choppin et al. suggested that the band shape and intensity of
hypersensitive transitions can be used as a qualitative indication of the site symmetry. The higher site
symmetry gives lower intensity in hypersensitive transition. This is because the lower site symmetry in
the ligand field, opposite parity states such as 4f™-5d', is mixed into 4f" states due to the presence of
odd parity crystal or ligand fields. [79]

1.4.2 Infrared Spectroscopy

Infrared spectra also give useful information about structures both in solid state and in solutions.
For example, the nitrate ion in Dj, symmetry has four fundamental vibrations, three of which are
infrared active (v,, Vs, v4). [80] The four normal mode of vibration of XY; molecules like nitrate ion is
shown in Figure 1-19.

Upon coordination, either in monodentate or bidentate, the symmetry was reduced from Ds, to C,,
because one of the oxygen atoms in the nitrate ion would be different from the other two. The different
mode of binding nitrate ion to a metal (M) is shown in Figure 1-20. For the coordinated nitrate, all six
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bands of C,, symmetry are infrared active.[81] The bands v, and v, are assigned to the N-O
asymmetrical stretching vibration, the band v, is composed of the N-O symmetrical stretching

vibration, and the band vy is the out-of-plane bending vibration.[82,83]

? Y Y
. X X
Y 4 + Y Y Y, Y
Vo V3 Vg4

Figure 1-19 Normal modes of vibration of planar XY; molecules.[80]

9\ A /O\
,'N_O M—O—N, O=N M
J % v
free ion (Dgp) monodentate(Co,) bidentate(C,,)
Figure 1-20 Biding mode of nitrate ion to a metal ion.
Table 1-6 Correlation of symmetry and vibration of the D5, and C,, nitrate
Point group Bonding mode
Dy, ionic v, v, V3 v,
! ! ! !
C,, bidentate v, Vg vV, Vi Vs

By comparing the separation between two highest-frequency bands, v, and v,, used to distinguish
between monodentate and bidentate of coordination mode. It is usually greater (> 180 ¢cm™) for
bidentate nitrate relative to that for monodentate nitrate (< 130 cm™).[84] The use of the combination
band(v,+v,) of free nitrate ion that appears in the 1800—1700 cm™ region was also proposed for
structural diagnosis. Upon coordination, the two (v,+V,) bands in the 18001700 cm™ region split into
two bands. The nitrate ion is bidentate if the separation is 66-20 cm™, and is unidentate if the
separation is 25-5 cm™.[85]

1.4.3 Nuclear Magnetic Resonance Spectroscopy

Chemical Exchange
In case of the simple two-site exchange (A‘_: B) with equal forward and backward rates in very
slow exchange, two equally intense of resonance of the two sites, v, and vy, will appear. As the
exchange rates constant (k) increased, the two lines first broaden, then shift towards one another, and
broadening further until they merge into a single resonance. Further increase in £ produces a sharp
resonance at the mean frequency 1/2(v,+v;).[86] Thus, if the exchange is fast enough on NMR
timescale, the difference in resonance frequencies of the two sites comes close to zero. Experimentally,
these changes can be observed by increasing the temperature.
In case of the two sites have different populations, with two first-order rate constants k, and kg,
kA
A<~—SB
kg
if the fractional populations of the two sites are p, and py where p, + pg =1, then pgk =pgky at
equilibrium. If the exchange between two sites is fast, single resonance is observed at the weighted

average frequency (v,,) expressed in (Eq. 10).
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Vav = PaVa + PpVB patpp=1 (Eq. 10)
Figure 1-21 shows spectra calculated for a range of exchange rates for the case where the site B has
twice the population of the site A. With increasing the rate, the signal will become broadening,

coalescence and subsequent narrowing in the spectra.

N

fast

Figure 1-21 Calculated NMR spectra for exchanging between tow sites A and B with populations in the ratio
Pe/pa=2.[86]

Lanthanide Induced Shift (LIS)

Almost all of lanthanides and actinides are paramagnetic due to the presence of unpaired electron in
their f-orbitals. The NMR spectra of paramagnetic lanthanides complexes are significantly different
from those of diamagnetic analogues. This paramagnetic contribution was called lanthanide-induced
shift (LIS). The experimental chemical shift ((Sie].x”) of a nucleus i in a paramagnetic complex of a

lanthanide j consist of three contributions, diamagnetic (%), contact (8;;, through-bond) and

pc

pseudo-contact (5;;

through-space) as express in  (Eq. 11).

5iejxp _ aidia + 55 + 556 (Eq. 11)

Upon substracting the diamagnetic contribution, LIS contribution
corresponding the sum of contact and pseudo-contact contribution
can be easily obtained from experimental chemical shift.
_ sbara _ sexp _ odia _ scC pc
LIS = &;;7 " = 6;; 6; 8ij + 6j; (Eq. 12)
= Fi < SZ >j+ GlC]
where <S,>; is the spin expectation value, C; is lanthanide

nucleus-dependent parameter. The anisotropic part of the axial
Figure 1-22 Spherical coordinates

magnetic susceptibility tensor of the free Ln(III) ions given in (Eq. " leus §
Oor a nucleus 1.

12). The contact term F; reflects through-bond Fermi interactions
between the paramagnetic centerr and the nucleus i and is given by
A;
fi= hy By

where A; is the hyperfine interaction parameter of the nucleus i, v is a gyromagnetic ratio, and B, is the

(Eq. 13)

applied magnetic induction. The pseudo-contact term G; depends on the teometric position of the
nucleus 7 and is given by(Eq. 14).
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a 1—3cos?0;
Gi=rg— (Eq. 14)

L
where r; and 0, are the internal axial coordinates of the nucleus i with respect to the ligand field axes, a
is a ligand field constant, and T is a given temperature. [87]
The separation of contact (6;;) and pseudo-contact (65.0) contributions to the observed LIS values for
the series of lanthanides complexes allows gain further structural information. Eq x can be rearranged
into the linear forms given by (Eq. 15) and (Eq. 16). Multi-linear regression for at least two different
paramagnetic Ln(III) are expected to be linear for isostructural series. (Eq. 15) is particularly suited for

the lanthanide complexes where the dipolar contribution is prevalent.

para
8ij G
e (Eq. 15)
< .;‘Zrij <S; >
;i <S,>
] zZ 7]
L~ = ; (Eq. 16)

There is very little covalent contribution in the metal-ligand bond for lanthanides complexes and thus
the mechanism of interaction between ligand and unpaired f-electron is almost through-space.[88.,89,
90]

Table 1-7 Spin expectation values <S,> and Bleany’s factor C for free lanthanide ions at 300 K

Ln** <S,> C
Ce** -098 -6.3
Pr’* -2.97 -110
Nd** —4.49 42
Pm? -4 01 2.0
Sm* 0.06 -07
Eu’ 10.68 40
Gd* 31.50 0.0
Tb* 31.82 -86
Dy** 28.55 -100
Ho®* 22.63 -39
Er** 1537 33
Tm* 8.21 53
Yb* 2.59 22

Solomon-Bloembergen Equation

When the contact contribution of the Ln(III) induced relaxation rate enhancements is negligible, the
longitudinal relaxation time for the paramagnetic Ln(III) complexes are depends on the inverse of the
sixth power of the metal to nucleus distance (r) according to following equation: [91,92]

1 1 1 _ i(.u_o)(ﬂeffzyzﬁz’rle

Tlp B Tlexp Tldia B 3 4m ré

Here po/4m is the magnetic permeability under the vacum, p is the effective Bohr magneton, v is

) (Eq. 17)

the gyromagnetic ratio of the observed nucleus, 8 is the Bohr magneton, T, is the electron spin
relaxation time, T, is the longitudinal relaxation time of the nucleus in the complex and T, is that

of the diamagnetic complexes.
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Chapter 2

Syntheses and Characterizations of

Lanthanide(lll) Nitrate Complexes with TEDGA



2.1 Introduction

As described in Chapter 1, despite of their high efficiency in extraction experiments, limited
information is available for the structural properties of Ln(III) and An(IIl) complexes with the diamide
derivatives. Crystal structures of Ln(III) with DGA derivatives were first reported by Kannan et al. and
the La(Ill) complex with DGA possesses [La(DGA);]** cation associated with a homoleptic
[La(NO,);]** counter anion.[1] Matloka et al. also reported that the crystal structure of Ce(IIl) complex
with a C3 symmetric tripodal ligand (L) containing DGA arms exhibits a similar structure to La(III)
complex reported by Kannan et al. The crystal structure of Yb(III) complex with the same tripodal
ligand was also reported and its chemical formula is [YbL](NO;);.[2] Hirata et al. performed the
molecular dynamics simulation of Ln(III)-DGA complex, and reported that the interaction energy
between Ln(IIl) and DGA decreases in the order Lu(IIl)>Eu(Ill)>La(III).[3] These structural and
molecular dynamics simulation studies have suggested that the heavy Ln(Ill) tend to form
outer-sphere complex with nitrate and make enhances in stability of extracted complexes. However,
these studies have provided information separately, and no studies have focused on the structural

differences in the solid state and in the solution throughout the Ln(IIl) series.

Figure 2-1 ORTEP representation of Type 1 Complex; [La(TEDGA);][La(NO;),]. Ellipsoids displayed at 30%
probability. Hydrogen atoms are omitted for clarity.[4]

In our laboratory, Kawasaki et al. have already reported the crystal structure of Ln(IIl) nitrate
complexes with N,N,N’,N’-tetraethyl-diglygolamide (TEDGA) for light Ln(III) (Ln = La—Gd, except
for Pm).[4] These complexes all exist in the space group P1 (#2) and are constructed by the packing of
[Ln(TEDGA),]** cations and [Ln(NO;)s]> anions. A representative example of this type of La(III)
complex, [La(TEDGA);][La(NOs)¢], is shown in Figure 2-1.

The Ln(III) ions are quite similar but they sometimes display an apparent difference between light
and heavy Ln(III). From the view point of coordination chemistry, there remains a need for elucidation
of structures of the Ln(III)-DGA complexes throughout the Ln(IIl) series to understand the selectivity
between the DGA types of extractant and Ln(III). In this chapter, a systematic investigation of the
structural differences among the all Ln(III) nitrate complexes with DGA were examined in solid state.
The heavy Ln(III) nitrate complexes with TEDGA (Ln = Tb—Yb) were synthesized and characterized
by single crystal X-ray diffraction and IR spectra.

36



Chapter 2 Crystal Structures of Ln(III)-TEDGA Complexes

2.2 Experimental

2.2.1 Materials

Anhydrous diethyl ether, methanol, ethyl acetate and acetonitrile were purchased from KANTO
chemical co Itd., and used without further purification. Ln(IIl) nitrates used in this study were
purchased from Kanto Chemical Co., Inc. for Ln = Tb, Dy and Lu, from Sigma-Aldrich Co. LLC. for
Ln = Ho, Er, Yb, and from Stream Chemicals, Inc. for Ln = Tm, and used as received. TEDGA were
provided by JAEA (Japan Atomic Energy Agency) and used as received, however, TEDGA can be
synthesized by simple procedure as follows; the triethylamine and N-methylaniline dissolved in
chloroform. Diglycollic acid chloride in chloroform was added slowly, and the mixture was heated at
reflux for 2 hours. The resulting solution was washed with water, with 3.5% hydrochloric acid, with
5% sodium carbonate and finally with water. The solvent was removed at reduced pressure. The
crystalline residue was recrystallized from toluene and hexane.[1] The structure of DGA is shown in

Figure 2-2.

Diglycolamide(DGA)
R: CoH5(TEDGA)  CgH47(TODGA)

Figure 2-2 Schematic structures of N,N,N’,N’-tetraalkyl diglygolamide (DGA).

2.2.2 Synthesis

Preparation of [Tb(TEDGA);](NO;);4H,0 (8): Tb(NO;);*6H,0 0.259 g (0.572 mmol) and
TEDGA 0.408 g (1.67 mmol) (Ln : TEDGA = 1 : 3) were dissolved in 2 ml of water. The crystals
suitable for X-ray diffraction were obtained by the concentration with heating and cooling. Yield:
21.5 %, Elemental analysis, Found: C 37.72, H 6.77, N 10.95 %; Calculated for C;;HgNyO,,Tb: C
37.60,H 7.01,N 10.96 %

Preparation of [DY(TEDGA);]J(NO;);4H,0 (9): This and other heavy Ln(Ill) complexes were
synthesized in a similar manner to the method in [Tb(TEDGA);]J(NO;);"4H,O. The synthesis
conditions are as follows: Dy(NO;);"5H,0 0.256 g (0.584 mmol), TEDGA 0.428 g (1.75 mmol).
Yield: 423 %, Elemental analysis, Found: C 37.61, H 694, N 10.88 %; Calculated for
C3¢HgNyO,,Dy: C 37.48, H 6.99, N 10.93 %.

Preparation of [Ho(TEDGA);]J(NO;);4H,O (10): The synthesis conditions are as follows:
Ho(NO;);*5H,0 0.205 g (0.465 mmol), TEDGA 0.348 g (1.42 mmol). Yield: 17.9 %, Elemental
analysis, Found: C 37.58, H 6.98, N 10.89 %; Calculated for C;sHgN,O,,Ho: C 37.40, H 6.98, N
10.90 %.

Preparation of [Er(TEDGA);]J(NO;);4H,O (11): The synthesis conditions are as follows:
Er(NO;);"5H,0 0.236 g (0.531 mmol), TEDGA 0.394 g (1.61 mmol). Yield: 21.9 %, Elemental
analysis, Found: C 37.51, H 6.97, N 10.86 %; Calculated for C;sHg,NyO,Er: C 37.33, H 6.96, N
10.88 %.

Preparation of [Tm(TEDGA);](NO;);4H,0 (12): The synthesis conditions are as follows:
Tm(NO;);"6H,0 0.254 g (0.549 mmol), TEDGA 0.395 g (1.62 mmol). Yield: 16.8 %, Elemental
analysis, Found: C 37.32, H 6.93, N 10.87 %; Calculated for C;;HgNyO,,Tm: C 37.27, H 6.95, N
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10.87 %.

Preparation of [YD(TEDGA);](NO;);4H,0 (13): The synthesis conditions are as follows:
Yb(NO;);*5H,0 0.233 g (0.519 mmol), TEDGA 0.379 g (1.55 mmol). Yield: 24.5 %, Elemental
analysis, Found: C 3726, H 6.93, N 10.81 %; Calculated for C;sHgN,O,,Yb: C 37.14, H 6.93, N
10.83 %.

Preparation of [Lu(TEDGA);](NO;);4H,0 (14): The synthesis conditions are as follows:
Lu(NO;);*4H,0 0.239 g (0.552 mmol), TEDGA 0.405 g (1.66 mmol). Yield: 34.7 %, Elemental
analysis, Found: C 37.30, H 6.94, N 10.78 %; Calculated for C;sHgN,O,,Lu: C 37.08, H 692, N
10.81 %.

2.2.3 Instruments and General Procedures

Crystal structures were determined by using a Rigaku RAXIS RAPID imaging plate area detector
system with Mo K, radiation from a graphite monochromator (A = 0.71075 A) under cold N, gas flow.
Crystal data collection and final refinement parameters are summarized in Table 7-1. A numerical
absorption correction was applied, which resulted in transmission factors described in the
crystallographic information file of each complex. The empirical absorption correction was performed
using intensity measurement.[5] The structures were solved by direct methods (SHELXS-97),[6] and
expanded using Fourier techniques. The non-hydrogen atoms were refined using anisotropic
temperature factors by SHELXL.-97.[6] Hydrogen atoms were introduced at calculated positions using
the riding model. [6] All calculations were performed using the Crystal Structure crystallographic
software package.[7] IR spectra (KBr pellet) of complexes 1-7 were measured by the diffuse reflection
method using a Shimadzu FT-IR-8400S spectrometer at room temperature.

2.3 Results and Discussion

2.3.1 Crystal Structures

In this study, heavy Ln(IIl) complexes could not be crystallized as same way as light Ln(Ill), water
was thus used as a solvent. [4] The method of syntheses and crystallization were heated and cooled the
of water dissolving hydrated Ln(IIl) nitrate and TEDGA. Then, the structures of the heavy Ln(III)
complexes were determined by single crystal X-ray diffraction.

Heavy Ln(III)-TEDGA Complexes

The structures of heavy Ln(IIl) nitrates with TEDGA were revealed to be [Ln(TEDGA );](NOs)s (Ln
= Tb-Lu), whereas the light Ln(Ill) form [Ln(TEDGA);][Ln(NO;)s] (Ln = La-Gd, except for Pm)
complexes.[4] The heavy Ln(IlI) complexes exists in the space group P, or P.. Their crystal structures
are constructed by the packing of [Ln(TEDGA);]** cations, three nitrate ions as counter anions, and
four water of crystallization, i.e., [Ln(TEDGA);](NOs);-4H,0. A representative example of this type of
complex for Tb(IIl), [Tb(TEDGA);](NOs);, is shown in Figure 2-3. Crystallographic data and
structures of other [Ln(TEDGA);](NO3); complexes are shown in Appendix A. The average values of
selected bond lengths and angles are listed in Table 2-1.
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Chapter 2 Crystal Structures of Ln(III)-TEDGA Complexes

ca27

Figure 2-4 Tricapped trigonal prismatic view of the

Figure 2-3 ORTEP representation of [Tb(TEDGA),]** cation in which the TEDGA molecule
[To(TEDGA);](NO5); -4H,0. Ellipsoids are displayed has triple-helical arrangement.
at 30% probability. Hydrogen atoms are omitted for
clarity.

In comparison with Ln-O bond lengths in [Ln(TEDGA),]’* cations across the lanthanide series, the
bond lengths from carbonyl oxygen atom to Ln(Ill) (Ln-O,,) are significantly shorter than that of
ether oxygen atom to Ln(IIl) (Ln-O.,). The difference in bond length indicates that Ln-O,, is
stronger than Ln-O.,. The bond angles across amide nitrogen are all approximately 120°. This
suggests that the amide nitrogen is sp® hybridized and the lone pair in complexes is conjugated on the

amide bonds.

Table 2-1 Selected bond length and angles for heavy Ln(III) complexes
Tb Dy Ho Er Tm Yb Lu
2478 2.469 2454 2442 2.445 2427 2.429

Ln-Ocer /A 0016)  (0019)  (0014)  (0.023)  (0.005) (0.012)  (0.015)
100 /A 2.365 2.356 2.342 2332 2.326 2.309 2.306
carbo 0.022)  (0023)  (0028)  (0.021)  (0.020)  (0.018)  (0.025)
o.C/A 1.425 1.426 1.427 1.429 1.427 1.419 1.430
(0.008)  (0.010)  (0.005)  (0.009)  (0.005)  (0.010)  (0.007)

0=C /A 1242 1247 1.244 1.245 1252 1247 1247
0.010)  (0.005)  (0.007)  (0.007)  (0.004)  (0.018)  (0.009)

C.C/A 1510 1.509 1.507 1.505 1511 1.505 1514

0010)  (0.008)  (0012)  (0.017)  (0.006)  (0.011)  (0.009)
63.20 63.58 63.72 63.98 64.30 64.36 64.63

Octher L-Ocaro / (0.49) 0.41) (0.31) (0.49) (0.44) 0.51) 0.51)

C.OC/* 1133 1128 1124 1124 1123 1134 1120
(0.6) (1.0) (12) (12) (0.5) 0.4) (12)
O/ 106.7 106.1 106.1 105.9 106.0 106.1 105.5
(0.6) (0.5) (0.5) 0.4) (0.5) (0.5) 0.4)
0=C.C/° 1188 1196 1192 1194 1193 119.0 1193
0.4) 0.4) (0.5) (0.6) (0.5) 0.8) 0.3)

Coordination geometries of these complexes were analyzed by the dihedral angles for the
nine-coordination described in the Chapter 1.3.1. The dihedral angles for [Ln(TEDGA);]’* cations
were calculated and the results are summarized in Table 2-2. Kawasaki ef al. have reported
[Ln(TEDGA);]** (Ln = La-Gd, except for Pm) cations exhibit the distorted tricapped trigonal prismatic
geometry and three TEDGA molecules are in the triple-helical arrangement around Ln(III).[4] As seen
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from this table, [Ln(TEDGA),]** cation for heavy Ln(III) can also be described as distorted tricapped
trigonal prismatic (Ds,) geometry. A representative example of tricapped trigonal prismatic view of the
[Tb(TEDGA),]** cations is shown in Figure 2-4.

Table 2-2 Dihedral angles for Ln(III) TEDGA complexes together with the values of light Ln(IIT) complexes (Ln
= La-Gd) reported by Kawasaki et al. [4]

tricapped trigonal prism (Dj;) monocapped square antiprismatic (C,,)
Average of 3 at Average of 3 at

Complex  Opposed(L) Opposed(|}) Vicinal() Opposed Opposed Vicinal(_L)
Idealized 180.0 146 4 26.4 163.5 138.2 0.0
La 177.1 1424 23.1 165.0 1423 11.6
Ce 1774 1423 229 164.6 138.9 14.6
Pr 177.3 142.8 234 160.1 138.0 29.0
Nd 177.5 143.0 235 156.3 136.5 48.2
Sm 1794 1433 23.7 159.6 136.6 36.4
Eu 179.5 137.0 24.0 163.8 138.3 214
Gd 179.6 143.7 24.1 163.9 138.1 21.7
Tb 173.7 148.9 29.2 163.1 139.6 16.6
Dy 173.1 1443 24.6 1392 144.6 6.86
Ho 1739 144.6 26.5 133.8 1454 7.93
Er 174.1 1453 234 1404 1449 7.61
Tm 1732 143.1 248 138.1 1452 6.98
Yb 174.8 143.7 24.6 138.5 146.3 7.88
Lu 1733 1444 24.1 137.6 147.5 9.01
2640 4
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Figure 2-5 Plots of average bond lengths of Ln-O and the residual values of Ln-O against Ln(III) atomic number,
together with the values of light Ln(IIT) complexes (Ln = La-Gd) reported by Kawasaki et al.[4]

The bond length of Ln-O regularly decreases as the Ln(III) atomic number increases. By subtraction
of the ionic radii of nine-coordination from Ln-O, the residual values are nearly constant. Figure 2-5
shows plots of bond lengths and the residual values of these complexes together with the light Ln(III)
complexes.[4] The decrease in bond lengths could be related to the changes of ionic radii due to the
lanthanide contraction.[8,9,10]

The decrease in Ln-O bond lengths was further analyzed as evidence for the lanthanide contraction.
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Chapter 2 Crystal Structures of Ln(III)-TEDGA Complexes

The decrease can be best described by a second-order polynomial.[11,12] The sum of Ln-O and O-O
bond lengths shows in Figure 2-6 and Figure 2-7, respectively. The sum of either the Ln-O bond
lengths or the O-O distances shows an almost perfect quadratic decrease in [Ln(TEDGA);]** cation
complexes. This decrease is modeled by Slater’s model for calculating ionic radii and thus the

decrease in Ln-O bond lengths can be attributed to the lanthanide contraction. [12]

65
23.04 y=0.0039x2-0.1745x + 22.783 y =0.0095x2 - 0.5025x + 64.083
5 R2=0.99691 64 - R2=0.99487
22.5 63 -
CI) o 62 —
S 22.0- o)
Vsll W 614
21.5 60 —
59 —
21.0
Eu Gd Tb Dy 58 — Eu Gd Tb Dy
T T T T T T T T T T T T T 11 T T T T T T T T 17 T T T T1
01234567 891011121314 01234567 891011121314
Number of 4f electrons Number of 4f electrons

Figure 2-6 The sum of the Ln-O bond lengths against ~ Figure 2-7 The sum of the O-O bond lengths against
the number of f electrons with quadratic fit. the number of f electrons with quadratic fit.

The structural difference between two forms of light and heavy Ln(IIl) complexes could be
attributed to following factors: (i) lanthanide contraction, (ii) crystal-packing stability and (iii) bonding
affinity of the nitrate ion. For the (i) lanthanide contraction factor, the shrinkage of ionic radii makes it
difficult to form the nitrate complexes with high coordination number, e.g. [Ln(NO5)s]*, in heavy
Ln(IIT). In fact, the Ln(Ill) complexes having large coordination number are often found in the
multidentate ligands with a small “bite-angle” such as nitrate ion. The [Ln(NO;)s]* ions in crystalline
salts have been reported only in the light Ln(III).[13,14] As far as we know, Dy(Ill) is the heavies
Ln(III) element that forms such high-coordination anionic complexes, i.e. [Dy(NO5)s]*.[15,16]

The influence of (ii) crystal-packing would also be important, because it will affect the lattice
energy and determine which complex species crystallize first. The packing coefficient (K) can be
express by K=ZV,../V, where Z is the number of molecules in the unit cell, V is the volume of the unit
cell, and the V,, is the molecular volume. The packing coefficient of common molecular crystal (0.72
+ 0.05) should be close to the value of hexagonal close-packed (0.74).[17] The parameters for La(Ill)
and Lu(Ill) crystals are summarized in Table 2-3. The K values show well agreement with the
common molecular crystal and the difference between La(Ill) and Lu(Ill) crystals are small. This

means the crystal-packing can be considered same.

Table 2-3 Packing parameters of the La(Ill) and Lu(IIl) complexes. V, were calculated by Winmostar
v4.015.[18]

La Lu
[La(TEDGA);][La(NO;),] [La(TEDGA),]** [Lu(TEDGA);](NO;), [Lu(TEDGA),]**
\% 2915.00 2714.09
V ol 1005.79 749.52 926.98 738.57
Z 2 2
K 0.69 0.68
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The influence of (iii) the bonding affinity of Ln(IIl) to nitrate ions can be more pronounced for
formations of these complexes. As introduced in Chapter 1.3.4, the thermodynamic data of the
association reaction between Ln(III) and nitrate in water indicate that the light Ln(Ill) (Ln = La—
Sm/Gd) species form LnNO,** complex more stably than the heavy Ln(Ill) (Ln = Tb-Lu).[19,20]
Therefore, it can be concluded by qualitatively that the bonding affinity in light Ln(III) is TEDGA =
NOjy’, whereas in heavy Ln(Ill) is clearly TEDGA > NOj'.

2.3.1 Infrared Spectra

Infrared spectra of heavy Ln(IIl) nitrate complexes TEDGA and free TEDGA were measured. The
spectra are shown in Figure 2-9. In general, the O—H stretching vibration in water is observed in the
3500-2500 cm™ range. The complexes showed significant strength of broad bands around 3500 cm™.
This band thus can be corresponding to the four water of crystallization. Figure 2-8 shows the IR
spectra for free TEDGA, reported La(Ill) and Lu(Ill) complexes as representative examples of the
features in IR bands for comparison of light and heavy Ln(III) complexes, respectively.[4] The sharp
band was observed at 1645 cm™ that can be assigned to V(c=0) Of free TEDGA. This V.o band shifted
to 1615-1623 cm™ in both La(Ill) and Lu(III) complexes. Relatively narrow band was observed at
1120 cm™ that can be assigned to Vo for free TEDGA, and the band showed small red shift for
La(Ill) complex and blue shift for Lu(Ill) complex. Other assignments for the IR bands of the

complexes are summarized in Table 2-4.

Ve-o-c

S

—— TEDGA \ —— TEDGA m

— [Lu(TEDGA);1(NO3); — [Lu(TEDGA);](NO3)3
—— [La(TEDGA),][La(NO5),] —— [La(TEDGA);][La(NO;)e]
(RARALLAAS) EAALLALAR RAAALLAR I I I I
1800 1700 1600, 1500 1200 1150 1100 1050
Wavenumber (cm ) Wavenumber (cm ')
(a) (b)

Figure 2-8 Representative examples of IR spectra for TEDGA, (a) La- and (b) Lu-complexes.

The characteristic bands for nitrate were also observed. In light Ln(IIl) complexes, C,, symmetric
N-O stretching modes v,, v,, and v,, along with the bending mode v, and v; were observed with the
corresponding peaks at v = 1508-1514, 1326-1334, 1045-1049, 819, and 734-740 cm’, respectively.
In addition, no obvious absorbance band at 1385 c¢cm™ corresponding to the ionic nitrate of Dy,
symmetry was observed.[4] These IR bands suggest that the nitrate ions coordinate to the Ln(III) in
bidentate manner as depicted in the light Ln(III) complexes.[4] The combination frequency band
(v,+v,) also suggest that the nitrate ions coordinate to the Ln(IIl) by bidentate fashion, because the
differences between two band (A mpinion) around 1700-1800 cm™ are 32 cm™. (see Chapter 1.4.2 for
details.)
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In contrast to the light Ln(IIl) complexes, the bands assigned to C,, symmetric nitrate were not
observed in heavy Ln(IIl) complexes. The bands observed at about v= 1053, 831, and 774 cm™ are
correspond to the v, v, and v, vibration mode of the D, symmetric nitrate. D5, symmetry is resulting
from when the nitrate ion is ionic. Frequently observed v;band around 1384 cm™ were not observed
clearly, however, broad bands appeared at around this region. Existence of such broad bands indicates
that the nitrate ions in the heavy Ln(IIl) complexes are ionic. Only one band at the 1700-1800 cm
region also suggests that the nitrate ions are in ionic. These IR bands are consistent with the features of
crystal structures As a result, it may be reasonable to assume that the strong affinity with TEDGA and

outer-sphere complex formations with nitrate ions contribute to the high selectivity in solvent

TEDGA
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Figure 2-9 IR spectra of Ln-TEDGA complexes, together with the La(III)-TEDGA complex as a representative
example for light Ln(III) form the reported data by Kawasaki ef al.[4] (KBr pellet, room temp)
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Table 2-4 Observed IR bands of Ln(II)-TEDGA complexes (Ln=Tb-Lu)

D, Combination
water C=0 C-O-C frequencies A conbination
v, v, v, v, Vv,
TEDGA 1645 1120
Tb 3500 1610 1126 1384(br) 1053 831 774 1764 -
Dy 3500 1610 1126 1384(br) 1053 831 774 1762 -
Ho 3500 1611 1126 1384(br) 1055 831 774 1765 -
Er 3500 1609 1125 1384(br) 1052 827 774 1763 -
Tm 3500 1604 1132 1384(br) 1055 831 774 1764 -
Yb 3500 1610 1124 1384(br) 1053 831 774 1764 -
Lu 3500 1612 1132 1384(br) 1053 831 774 1734 -

2.4 Conclusion

[Ln(TEDGA);1(NO;); (Ln = Tb—Lu) were synthesized and characterized in crystallographically and
the coordination modes of TEDGA and nitrate ions were confirmed by IR spectroscopy. Together with
the previous report by Kawasaki et al., the systematical investigations across the Ln(IIl) series in the
solid state were completed and found that there are difference in the structure.[4] The heavy Ln(III)
(Ln = Tb-Lu) complexes exist in the space group P, or P.. Their crystal structures are constructed by
the packing of [Ln(TEDGA);]** cations, three nitrate as counter anions, and four water of
crystallization, i.e., [Ln(TEDGA);](NO3);-4H,0.

In comparison with the light Ln(III) complexes reported by Kawasaki et al., the structures of Ln(III)
nitrate complexes with TEDGA are split into two groups. The first half light Ln(Ill) (Ln = La-Gd,
except for Pm) are constructed by the packing of [Ln(TEDGA);]** cations and [Ln(NO5)]* anions.[4]
The [Ln(TEDGA),]** cations exhibit distorted tricapped trigonal prismatic geometry, in which Ln(III)
ions are coordinated by nine oxygen atoms from three tridentate TEDGA ligands. The heavy half
group (Ln = Tb—Lu) in this study are constructed by [Ln(TEDGA),]** cation, the three nitrate ions
exist as counter anions, and four hydrates as water of crystallization. The [Ln(TEDGA),]** cations
exhibit distorted tricapped trigonal prismatic coordination geometry in both groups.

The structural differences between light and heavy complexes in the crystal structures can be
attributed to the following factors: (i) lanthanide contraction, (ii) crystal-packing stability and (iii)
bonding affinity of the nitrate ion. The decrease in the Ln-O bond lengths can be attributed to the
lanthanide contraction by the evaluation of quadratic decay of the sum of Ln-O and O-O bond lengths.
According to the lanthanide contraction, the shrinkage of ionic radii makes it difficult to form the
nitrate complexes with high coordination number for heavy Ln(IIl). The packing coefficient of light
and heavy Ln(III) are approximately same. Therefore, in case of this study, (i) and (iii) are the possible
effects of the causes of the structural difference in the solid state.
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( Chapter 3
Complexation and Structural Studies of
Lanthanide(lll) Nitrate Complexes with TEDGA

in Acetonitrile Solutions



3.1 Introduction

In Chapter 2, crystal structures of Ln(III)-TEDGA complexes and the structural difference between
light and heavy Ln(IIl) in the solid state were studied and discussed. In addition to the previous
chapter, complexations and the structures in organic solutions are of interest to know the
circumstances of the extracted species existing in the organic phase after an extraction. According to
our knowledge, there are only three studies are available concerning the complexation and the
structural study between Ln(III) or An(IIl) with DGA derivatives in the organic solution.

Narita et al. characterized the extracted Ln(IlI)-DGA (Ln=Ho and Lu) complexes by FT-IR and
UV-vis spectroscopy. The UV-vis spectrum of extracted Ho(III)-DGA complex showed characteristic
band shape that indicates the symmetry around Ho(III) ion. The peak shift of vc_q band in IR spectrum
of Lu(III)-DGA complex indicated that the complex has a strong bond between carbonyl oxygen and
Lu(Ill).1] They further investigated the Er(IIl) complexes extracted from HNO; and HCI by the
extended X-ray absorption fine structure (EXAFS) spectroscopy. The Ilocal structures of
Er(NO;);-DGA and ErCl; -DGA complexes were quite similar. This similarity in the local structure
around Er(IIl) suggested that the formation of inner-sphere complex with DGA and outer-sphere
complex with nitrate ions during the extraction.[2] Pathank er al. have conducted the complexation
study of Eu(lIl) with TODGA by a time resolved luminescence spectroscopy (TRFS) in
water-methanol mixture. The formations of 1:1, 1:2 and 1:3 species have been confirmed and the
stability constants (logf3,) for n=1, 2, and 3 have been calculated as 6.1 £ 0.5, 10.8 £ 0.7, and 14.3 =
0.6, respectively.[3] As described above, although this kind of approach is useful to understand the
natures of extracted species, few researchers have addressed in the viewpoint of such coordination
chemistry based approaches. UV-vis, luminescence, NMR and IR spectroscopy, or calorimetry and
conductometry, etc. are frequently applied method for this purpose.

The objective of this chapter is the systematic investigations of the differences in comlexations and
structures throughout the Ln(IIl) nitrate complexes with DGA in the solution. Since hypersensitive
transitions are sensitive to the changed in the environment around Ln(III) ions, and chemical shifts of
the ligand are also directly affected by the variations in their magnetic environment. In this chapter,
systematic investigations of the Ln(III) nitrate complexes with DGA were examined by

spectrophotometric titrations, NMR structural analyses and NMR titrations were carried.

3.2 Experimental

3.2.1 Syntheses

The Ln(IIl) nitrate complexes with TEGDA (Ln = La, Nd, Ho and Lu) were synthesized by the
procedure described in Chapter 2.

3.2.2 Instruments and General Procedures

Ultraviolet ¢ Visible Absorption Spectroscopy
Spectrophotometric titrations of TEDGA complex were conducted on SHIMADZU UV-3150
spectrophotometer equipped with sample holders of temperature controller. The metal ion must have
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at least one hypersensitive transition and molar absorptivity of suitable wavelength in the UV-vis
region. The Ln(IIl) ions in this study, Nd(III), Ho(III) and Er(IIl) can be met for these requirements.
The absorption band at 581 nm for Nd(III), 452 nm for Ho(IlI) and 379 nm for Er(IIl) are attributed to
the hypersensitive transitions of ‘Gs, € Iy, °Gy € I and ‘G, € ‘I;s,, respectively. Absorption
spectra of 1 x 10 M of Nd(III) (650-500 nm, 0.05 nm interval), Ho (700-390 nm, 0.05 nm interval)
and Er (570-350 nm, 0.05 nm interval) were collected at 298 + 0.1 K. The samples with a constant
concentration of Ln(IIl) were used and the [TEDGA]/[Ln] ratios were varied in the range 0 <
[TEDGA]/[Ln] < 10. The mixture was then stirred for 1 minute. The spectra were analyzed by
HypSpec computer program to estimate the conditional stability constant.[4] The data processing
ranges were selected around hypersensitive peaks as follows: Nd(III), 560-580 nm; Ho(IIl), 445-460
nm; and Er(IlT), 377-379 nm.

Nuclear Magnetic Resonance (NMR) Study

All NMR spectra were recorded on JEOL ECX-400P (400 MHz) spectrometer at 298 K in
acetonitrile-d; solutions. Chemical shifts were referenced with respect to the following standards: for
'H: solvent residual signals at 1.94 ppm and for °C: methyl signal at 1.32 ppm. All of the 'H and "°C
signals were assigned by using '"H-'"H COSY, DEPT, HMQC and EXSY techniques. TEDGA was used
for NMR measurement mainly because of the spectrum simplification. Various molar ratios of
acetonitrile sample solutions dissolving TEDGA and hydrated Ln(IIl) (Ln = La—Lu, except for Pm and
Gd) nitrate were prepared. The compositions of sample solutions are given in Table 3-1.

Table 3-1 Acetonitrile-d; solutions used in the NMR experiments

Sample solutions [Ln] /mM [TEDGA] /mM [Ln]:[TEDGA]

A 0 10 0:1

B 10 10 1:1

C 10 20 1:2

D 10 30 1:3

E 10 40 1:4

F [La(TEDGA);][La(NO5)]

G [Lu(TEDGA);](NO5),

3.3 Results and Discussion

3.3.1 Spectrophotometric Titration

Complex formations of Ln(Ill) (Ln=Nd, Ho and Er) with TEDGA were investigated by
spectrophotometric titrations. Neodymium(III) was used as a representative of light Ln(Ill), and
Ho(III) and Er(Ill) were used as that of heavy Ln(III) ions.

Nd(III) System

The UV-vis absorption spectra of acetonitrile solutions dissolving 10 mM of the hexa-hydrated
Nd(II) nitrate ,i.e. Nd(NOs3);76H,0, and [NdA(TEDGA);][Nd(NOs)s] crystal were measured and
resulting spectra are shown in Figure 3-1. The absorption spectrum of acetonitrile solution dissolving
the hexa-hydrated Nd(NOs); was quite similar to that of acetonitrile solution dissolving anhydrous
Nd(NO,); reported by Biinzli et al.[5] According to the previous reports by Biinzli et al.,
conductometric measurements of Nd(III), Eu(III), or Tb(III) nitrates indicated that no dissociation of
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nitrate occurs in acetonitrile solution.[6,7] Bunzli et al. have also reported the coordination number of
Ln(III) tri-nitrate species, i.e. Ln(NOs);, in acetonitrile solution are 9.0, 9.1, 8.3, and 8.2 for Nd, Eu, Tb,
and Er, respectively.[8] Hence, the coordination environment around Nd(III) seems to be similar even
in the hydrated water molecules exist in the solution, that is, nitrate ions do not dissociate from Nd(III)

and coordination number of Nd(III) can be considered as nine.

0.5 — 10 mM Crystal
E [Nd(TEDGA);3][Nd(NO3)¢]
] —— 10mM NA(NO3); 6H,0
0.4
80.3 -
ovo T
s ]
_e -
5
202+
0.14
0.0

560 570 580 590 600 610
Wavelength (nm)

Figure 3-1 Absorption of 10 mM of [Nd(TEDGA);][Nd(NO;),] crystal and 10 mM of hydrated Nd(NO3);.

The absorption spectrum of acetonitrile solution dissolving 10 mM of [Nd(TEDGA );][Nd(NOj3)]
crystal showed approximately twice intense compared to 10 mM of hexa-hydrated Nd(NO;);, and the
shape of the absorption band slightly changed. Twice intense in spectra is due to 10 mM of
[Nd(TEDGA);][Nd(NOs)s] crystal contains twice molar of Nd(III) ions.

In order to confirm the complex formation and to evaluate the variations of coordination
environment around Nd(III), spectrophotometric titration of NA(III) nitrate with TEDGA was
performed and the resulting UV-vis spectra are shown in Figure 3-2. As can be seen from this figure,
the Nd(III) absorption spectra changed not only intensity but also its shape with the titration of
TEDGA. At the beginning, the absorption band of Nd(III) at 581 nm shifted to 583.8 nm and increased
its intensity with addition of TEDGA until the metal to ligand ratio ([Nd]:[TEDGA]) reached 1:1. The
absorption intensity at 583.8 nm then drastically decreased with the addition of TEDGA up to
[Nd]:[TEDGA]=1:3. Further additions of TEDGA also lead to a subtle decrease in the absorption
intensity for most of the spectral ranges. At the end, the absorption band split into three and the change
in the intensity became small at [Nd]:[TEDGA]=1:6.
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Figure 3-2 Spectrophotometric titration of 10 mM Nd(III) with TEGDA in acetonitrile at 298 K.

Figure 3-3 shows the plots of concentration dependence of the spectra intensity at 583.6 and 582.0
nm as examples. Two linear regression trend lines cross at [Nd]:[TEDGA]=1:1, and 1:3, indicating
that the formations of 1:1 and 1:3 Nd-TEDGA complexes.
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Figure 3-3 Mole ratio plot of the Nd(III)-TEDGA . o PRt )
titration. Regression trend lines cross at Figure 3-4 Fitting result for the spectrophotometric
approximately 1 and 3. titration of Nd(III)-TEDGA system. Blue square symbols

represent experimental data; dashed red curve represents
the model fit; red, brown and blue curve represents the
speciation of Nd(NO,);, [Nd(TEDGA)]** and
[Nd(TEDGA),]**, respectively.

To evaluate the conditional overall stability constant (stability constant) in this system, the spectra
were analyzed by HypSpec program.[4] The best fit was obtained when 1:1 and 1:3 complexes were
refined. Although Panthak ez al. have reported three formation constants, logf3,, log3, and logfs, (6.1 +
05, 108 £ 0.7, and 143 + 0.6) corresponding to 1:1, 1:2: and 1:3 complex formation of
Eu(Il)-TODGA system in ethanol/water mixture by TRFS measurements[3], only 1:1 and 1:3
complex formations were observed in this study. Figure 3-4 shows the titration curve and distribution
diagram of chemical species of Nd(III)-nitrate-TEDGA system. The following reactions can be
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proposed to the complexations for this system:
Ln(ll + TEDGA ——— [Ln(lITEDGA] (Eq. 18)
Ln(ll) + B8TEDGA +———  [Ln(ll)(TEDGA)] (Eq. 19)
The stability constants logf; where j=1 and 3 were calculated as 5.4 + 0.3, 10.4 + 0.3, respectively.
The logf,, is approximately same and logf,; is slightly lower compared to that of reported by Panthak
et al [3] This result suggests that the log/3,; reflects the instability of 1:3 complex for light Ln(III).

Theoretically, the oscillator strength of hypersensitive transition is enhanced as the symmetry of the
ligand field is reduced (see Chapter 1.4.1 for details.). Therefore, increase in absorption intensity
indicates that low symmetric complexes compared with Nd(III) nitrate were formed at
[Nd]:[TEDGA]J=1:1. On the other hand, the absorption intensity at [Nd]:[TEDGA]=1:3 was
approximately 30% lower than that of Nd(III) nitrate. The decrease in absorption intensity at this
condition, therefore, indicates that the high symmetric 1:3 complex was formed. According to the
logf s, the distribution of 1:3 complex is 85% in the [Nd]:[TEDGA]=1:3 solution. Therefore, the
continuous gradual changes in absorption can be attributed to the gradual increase of 1:3 complex. In
addition, the relatively low logf3,; for Nd(III) may be due to the additional complexation with nitrate
ions at the vacant site of large Nd(III).

The comparison of the spectra obtained in this study provides further information. The spectra of
the [Ln]:[TEDGA]=1:n (n=0, 1, 1.5, 3 and 6) solutions are shown together with the spectra of
solutions dissolving crystals in Figure 3-5. The similarity in absorption shapes and twice higher
intensity between [Nd]:[TEDGA]=1:1.5 solution and [Nd(TEDGA );][Nd(NOj;)s] crystal indicate that

the dissociation of homoleptic ion pair complex in the acetonitrile solution.
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Figure 3-5 UV-vis spectra of acetonitrile solutions of 10 mM Ln(NOs); in red, [Ln]:[TEDGA]=1:1 in yellow,
1:3 in purple, and dissolving crystal in blue for Nd(III).

Ho(III) and Er(IIT) System

The UV-vis absorption spectra of acetonitrile solutions dissolving the penta-hydrated Ln(III) nitrate
Ln(NO;);-5H,0, and [Ln(TEDGA );](NOs); crystals of Ho(IlI) and Er(III) were observed and resulting
spectra are shown in Figure 3-6 (a) and (b), respectively. In contrast to Nd(III) system, the shapes and
intensity of absorption bands in both Ho(IIl) and Er(Ill) showed significant differences. These
differences indicate that there are large difference in symmetry (i.e. coordination environment) around
Ln(III) ions.
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Figure 3-6 Absorption of 10 mM of [Ln(TEDGA);(NO;);] crystal and 10 mM of hydrated Ln(NO;);. (Ln= (a)
Ho(IIT) and (b) Er(III).

Spectrophotometric titrations of Ho(IIl) and Er(Ill) with TEDGA were also performed and the
resulting spectra are shown in Figure 3-7. The absorption of Ho(IIl) at 451 nm and Er(IIl) at 378 nm
during the TEDGA titration changed similar to Nd(III) system. However, the changes in the intensity
and the shape clearly terminated when the titration reached [Ln]:[TEDGA]=1:3.
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Figure 3-7 Spectrophotometric titration of 10 mM (a) Ho(III) and (b) Er(IIl) with TEGDA in acetonitrile at 298
K.

The linear regression lines on the concentration dependence of the spectral intensity clearly suggests
that the formation of 1:1 and 1:3 complexes. The increase in intensity by [Ln]:[TEDGA]=1:1 indicates
the formation of low symmetric 1:1 complex compared with Ln(III) nitrate, and the steep decrease in
intensity up to [Ln]:[TEDGA]=1:3 indicates the formation of high symmetric 1:3 complex. Excess of
TEDGA did not cause further spectral change in both Ho(IIl) and Er(IIl) cases, indicating that no
further structural change happen around Ln(Ill) after 1:3 complex formation. Therefore, 1:3
complexes of heavy Ln(IIl) are stable and rigid in the acetonitrile solution. Figure 3-8 shows the
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representative best-fitted titration curves and the distribution curves of each chemical species. The

overall stability constant logf3; where j=1 and 3 for (Eq. 18) and (Eq. 19) were calculated as 6.2 + 0.1
and 14.1 + 0.1 for Ho(IIl), and 5.9 + 1.7, 16.2 = 0.5 for Er(Ill), respectively.
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Figure 3-8 Speciation diagram of (a) Ho(IlI) and (b) Er(III).

In contrast to Nd(III) system, the identical absorption spectra between [Ln]:[TEDGA]=1:3 (Ln= Ho
and Er) solution and the solution dissolving [Ln(TEDGA );](NOs); crystal were obtained. Figure 3-9
shows the spectra of the [Ln]:[TEDGA]J=1:n (n=0, 1 and 3) solutions together with the spectra of
solutions dissolving crystals ([Ln(TEDGA);]J(NOs);, Ln = Er and Ho). From these results, it can be
assumed that the structures of these 1:3 complexes are quite similar to the crystal structures,
[Ln(TEDGA);I(NO;);. Narita et al. suggested that Er(Ill) form inner-sphere 1:3 complex with DGA
and outer-sphere complex with nitrate from EXAFS measurements.[2] These results also support that
the reported 1:3 complexes and outer-sphere complexation with nitrate.[2,9] These results strongly
suggest that the outer-sphere coordination of nitrate ions in both solid and solution for heavy Ln(III).

Moreover, these changes in absorption spectra were almost same when TODGA was introduced

instead of TEDGA, meaning that the complexation ability is not affected by the hydrophilic or
lipophilic property of the DGA in acetonitrile solutions.
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Figure 3-9 UV-vis spectra of acetonitrile solutions of 10 mM Ln(NOs); in red, [Ln]:[TEDGA]=1:1 in yellow,
1:3 in purple, and dissolving crystal in blue for (a) Ho(III) and (b) Er(III).

Figure 3-10 shows the plots of the stability constants for Ln(III)-nitrate-TEDGA systems (Ln= Nd,
Ho and Er) obtained in this study together with the Eu(Ill)-TODGA data reported by Panthak et al.[3]
The logf,, for Ln(Ill) are approximately constant through the Ln(IIl) series, whereas logf3,; increase
with an increase in the atomic number. Increase in logf,; is well accordance with the qualitative
discussion in Chapter 2 that the heavy Ln(Ill) ions prefer to form [Ln(TEDGA);]J(NO;); type
complexes. This tendency on the stability constans are also consitent with the extraction behaviour of
DGA in which the distribution ratio (D) of the heavy Ln(IIl) are larger than that of light Ln(III).
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Figure 3-10 Plots of overall stability constants with error bars determined for Ln(IIT)-TEDGA from
spectrophotometric titration in acetonitrile solutions at 298 K, together with Eu(IlI)-TODGA data reported by

Panthak et al. [3]

3.3.2 NMR Structural Analysis

To assess the structures of complexes in the solution, Ln(IIl) nitrate complexes with TEDGA (Ln =
La and Lu) in the acetonitrile-d; solutions were studied. First, Ln(Ill)-nitrate-TEDGA complexes,
[La(TEDGA);][La(NO;)¢] and [Lu(TEDGA);](NOs)s, in acetonitrile solutions were investigated. Both
complexes are readily soluble in acetonitrile-d;, but the [La(TEDGA);][La(NO;)s] complex is slightly

soluble in chloroform-d.
To investigate the structures of complexes in the solution, 'H NMR spectra of the acetonitrile-d;
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solutions dissolving free TEDGA (sample solutions A), crystals of diamagnetic Ln(III) complexes, i.e.
[La(TEDGA);][La(NO;)¢] (sample solutions G), and [Lu(TEDGA);](NO;); (sample solutions F), were
recorded. The results for these spectra are shown in Figure 3-11 for comparison.

'H NMR spectra of free TEDGA (sample solution A, on the top of Figure 3-11) shows five signals.
The peaks observed at 1.2, 3.3 and 4.2 ppm were assigned to H(3), H(2) and H(1), respectively. One
signal from methylene proton (CO-CH,-O, H(1)) and a set of two signals of the ethyl chain on the
amide group (N-CH,CHj;, dq: H(2,2’), dt: H(3,3’)) indicate that the existence of axial symmetry (C,,)
in the molecule and the rotation about N-CH,CH; bond.
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ﬁ H(2K
N A N
~ o S H(E3)
‘ H(2")
10 o]

A: TEDGA

e o DN - L G: [LU(TEDGA),](NO,),
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Figure 3-11. 'H-NMR spectra of the acetonitrile solutions, A (free TEDGA on the top), G

([Lu(TEDGA);](NOs); on the middle) and F ([La(TEDGA);][La(NO;)¢] on the bottom) at 298 K.

'H NMR spectra of sample solutions G and F also showed similar patterns of signals. The chemical
shift differences between H(2) and H(2’), and between H(3) and H(3’) are widened in both sample
solution G and F. These expanses in the chemical shifts arise from the restricted rotation about the
N-CH,CH; bond.

On the spectra of sample solutions F, methylene signal of H(1) broadened and shifted
approximately 0.5 ppm to downfield compared to sample solution A. The number of the signals
remains the same as free TEDGA, indicating that the axial symmetry of TEDGA upon coordination to
La(III) does not change. The broadening at the signal H(1) indicate that there is a dynamics in the
system such as ligand exchange reaction.

On the spectra of sample solutions G, the methylene signal of H(1) was relatively sharp and shifted
approximately 0.6 ppm to the downfield compared with sample solution A. The N-CH, signal, H(2),
of sample solution G exhibited complex spin-spin coupling. The coupling pattern was simulated on
the assumption that the existence of geminal proton coupling with ABX spin system with coupling
constants of *J,;=13.8 Hz. The result is shown in Figure 3-12. The coupling probably results from the
frozen of rotation about the N-C bond in one configuration upon coordination to Lu(III).
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nucleus n shift  multiplicity Js

A 1 346 dq 13.84,6.96
B 1 321 dq 13.84,6.96
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Figure 3-12 Coupling pattern analysis of sample solution G ([Lu(TEDGA);](NO;); on the top) and simulated
spectrum on the bottom.

The cause of the coupling was further analyzed by the two-dimentional Nuclear Overhauser Effect
SpectroscopY (NOESY) method. Figure 3-13 shows the NOESY spectrum of the sample solution G.
Two intense crosspeaks between H(1) and H(2), and H(2) and H(3) were observed. The correlation
peak on the NOESY spectrum provides information that there are spatially closes each other. The
intense crosspeak between H(1) and H(2) is thus attribute to the frozen of rotation about the N-C bond
described above.
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Figure 3-13 NOESY spectrum of [Lu(TEDGA);](NO;); in acetonitirle-d; solution.

3.3.3 NMR Titration Studies

The complex formation of Ln(Ill) were studied to gain further structural information on each
complexation steps. Various molar ratios of acetonitrile solutions dissolving free TEDGA and
hydrated Ln(III) (Ln = La—Lu, except for Pm and Gd) nitrate were prepared and 'H NMR spectra were
measured. The compositions of sample solutions are given in Table 3-1 in Chapter 3.2.2.
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La(IIT) System

Figure 3-14 shows 'H NMR spectra of sample solution A, B, C, D and E for La(Ill) system. In
sample solution B ([La]:[TEDGA]=1:1), the methylene signal H(1) showed downfield shift by 0.5
ppm, and the chemical shift difference between two methylene signal H(2) and H(2’) was widened
compared to that of sample solution A. Since the system contains water from hydrated Ln(IIl) nitrate
in a starting material, a signal of water was observed at 0.3 ppm downfield compared to bulk water
typically observed in acetonitrile-d;. The downfield shift in water signal indicate that the water
molecules exist around Ln(IIl) ions. Although the attempt was made to obtain the number of
coordinated water in this system, the signal from water cannot give a separate signal even in lowest
temperature of acetonitrile.

For sample solution C ([La]:[TEDGA]=1:2), the signals from TEDGA are almost same as that of
sample solution B, indicating that no significant conformational change under this condition from the
viewpoint from TEDGA. Only upfield shift on the signal of water was observed, and its chemical shift
agreed with bulk water typically observed in acetonitrile-d;, that is, the displacement of water by
reaction with TEDGA was completed when metal to ligand ratio is above [La]:[TEDGA]=1:2.

For sample solution D ([La]:[TEDGA]=1:3), the chemical shift of H(1) showed upfield shift
compared to that of sample solution B. The large upfield shift of H(1) indicate that the TEDGA
exhibits different conformation compared to 1:1 complex. Hence, the 1H NMR spectra of sample
solution D indicates that the formation of 1:3 complex, and TEDGA still maintains same axial

symmetry in 1:3 complex.
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Figure 3-14 'H NMR spectra of TEDGA in acetonitrile-d; for different molar ratios of sample solution (A, B, C,
D and E) for La(Ill) systems.

According to the spectrophotometric titration of Nd(III) in Chapter 3.3.1, the complexes with 1:1
and 1:3 metal to ligand ratio are formed. The distributions of 1:1 and 1:3 complexes were calculated
using the stability constants of Nd(III) and are listed in the Table 3-2. The stability constants of Nd(III)
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Chapter 3 Ln(III)-TEDGA Complexes in Solution

complexes indicate that 1:1 complex is dominant in the solution B. However, sample solutions C and
D contain considerable amount of 1:1 and 1:3 complexes. Therefore, the no separate signals observed
on both sample solutions C and D could be linked to the fast exchange reaction between 1:1 and 1:3

complexes.

Table 3-2 Speciation of the sample solutions

Sample solutions Nd
([Ln]:[TEDGA]) 1:1 complex (%) 1:3 complex (%)
B (1:1) 79.8 0.00
C (1:2) 41.6 583
D (1:3) 14.6 85.3
E (1:4) 53 94.6

Furthermore, the excess of TEDGA to La(Ill) does not provide separate signals for the free and
coordinated TEDGA, and cannot distinguish additional complexes, or 1:1 and 1:3 complexes even at
low temperatures (< 238 K). Above [La]:[TEDGA] > 1:4, during the titration of TEDGA, all of the
observed signals of TEDGA approached toward the chemical shift of sample solution A. Only one set
of signals assigned to TEDGA indicates that the excess of TEDGA in the system causes a fast
exchange on the NMR timescale. According to the stability constants of Nd(III) complexes, 1:3
complex is a dominant species in sample solution E. (see Table 3-2) Therefore, the fast exchange
reaction in this condition can be associated between the free TEDGA and the coordinated TEDGA
molecules in 1:3 complex.

It should be noted that nitrate ion also could participate in the exchange reaction. The presence of a
dynamic behavior between free and coordinated TEDGA in 1:3 complexes would be related to the
large ionic radii of light Ln(III). The large ionic radii in the light Ln(IlIl) may provide some vacant
sites that makes nitrate ions possible to be in the inner-sphere of the Ln(IIl), although the Ln(IIl) is
wrapped around by three TEDGA molecules. As the result of the nitrate ion coordination, TEDGA
forced to compete with them and change its position very fast.

By taking into account both results of UV-vis and 'H NMR spectra, following can be concluded. (i)
At the beginning, below the metal to ligand ratio [La]:[TEDGA]=1:1, 1:1 complex is formed with
some hydrated water in its inner-sphere. (ii) Under the [La]:[TEDGA]=1:2 condition, all of the water
molecules are replaced and out from the inner-sphere by complexation with TEDGA, and 1:1 and 1:3
complexes are exists and they exchange each other. (iii) Under [La]:[TEDGA]=1:3 condition, 1:3
complex become dominant, but still displays a fast exchange with 1:1 complex. (vi) Finally under
[La]:[TEDGA]=1:4 condition, the amount of 1:1 complex become negligible. However, excess of
TEDGA causes the fast exchange between the free TEDGA and the coordinated TEDGA in the 1:3
complexes. Figure 3-15 shows the reaction scheme estimated from the spectrophotometric and 'H
NMR titration result for light Ln(III).
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Figure 3-15 Scheme of complex formations for La(IIl) (light Ln(IIT)) with TEDGA estimated from NMR
titration.

Additionally, the observed 'H spectra of sample solution F was able to reproduced by
[La]:[TEDGA]=1.15 sample solution, indicating the dissociation of homoleptic ion pair complex
([La(TEDGA);][La(NOj3)¢]). The idea of dissociation and re-formation was also introduced in previous
chapter by spectrophotometric titration result and the UV-vis spectrum of [Nd(TEDGA );][Nd(NOs),].

NdIII) and Eu(III) Systems

In order to evaluate the systematic investigations of the structural or complexation differences
among the all Ln(Ill) nitrates with DGA in the solution, same procedure was applied to the
paramagnetic Ln(IlI) (Ln = Ce-Yb, except for Pm and Gd). Gd(Ill). In general, a paramagnetism
makes NMR spectra analysis difficult because the paramagnetism gives rise to pronounced changes in
chemical shifts of the nucleus located nearby the Ln(III) ions. Although this difficulty, NMR spectra
obtained from paramagnetic Ln(III) are valuable. Recently, Szabé er al. have successfully
demonstrated that the stoichiometry, the structure and the ligand exchange dynamics in the
paramagnetic Ln(III) ion complex, Y(II)/Eu(Ill)-tris[44 4-trifluoro-1-(2-thienyl)-1,3-butanedione]
(TTA), by NMR spectroscopy.[10] They prepared test solutions with various concentration ratios of
metals and ligands. The same kind of method was applied to this system.

Sample solutions B, C, D, and E were prepared and observed for paramagnetic Ln(III) was
excluded because of its very long relaxation time. Here, Nd(III) and Eu(IIl) are shown as
representative examples for light Ln(III) ions.

Figure 3-16 shows the spectra of solution B, C, D, and E of Nd(III) system. The spectrum of sample
solution B showed at least ten signals except for the signals from solvent and water, that can be
assigned to the two H(1) and four set of a N-CH,CHj; chain. These nine signals were attributed to the
one TEDGA molecule coordinated to the Nd(III) ion.
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Figure 3-16 'H NMR spectra of TEDGA in acetonitrile-d; for different molar ratios of sample solution (A, B, C,
D and E) for Nd(III) system.

With increasing the TEDGA concentration, the observed signals became broad and shifted, and
finally coalesced into four signals at sample solution E. The spectral change in the spectra of solutions
B, C, D, and E of Nd(IIl) system are reasonably in accordance with the results obtained in both
spectrophotometric titration of Nd(III) and NMR titration of La(IIl). As descried above and listed the
speciation in Table 3-2, in the sample solution B, 1:1 complex is the dominant species. In sample
solution C, both 1:1 and 1:3 complexes are formed and exchange each other. In sample solution D, the
1:3 complex is dominant but still significant amount of 1:1 complex is exist. In sample solution E, 1:3
complex is formed and starts exchange with the free TEDGA. The fast exchange of TEDGA also
observed in other light to middle Ln(IIl) (Ln = Ce to Eu, except for Pm) systems as well. Since the
differences in the chemical shift between coordinated and free TEDGA are pronouncedly large in
paramagnetic Ln(III) system, signal were coalescence when the fast exchange between free and
coordinated TEDGA exists. The elements at the boundary of fast exchange reaction is Eu, and the
spectra Eu(IIl) system are shown in Figure 3-17.
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Figure 3-17 'H NMR spectra of TEDGA in acetonitrile-d; for different molar ratios of sample solution (A, B, C,
D and E) for Eu(IIl) system.
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Lu(III) System

The difference of complexation with TEDGA between light and heavy Ln(IlI) were investigated by
NMR titration method by using Lu(Ill). The sample solutions were prepared as described in La(III)
system and 'H NMR spectra were measured for each samples. The resulting spectra of sample solution
A, B, C,D and E for Lu(IIl) system are shown Figure 3-18.

For sample solution B, at least four inequivalent H(1) signals and broadened water signal were
observed, indicating TEDGA forms 1:1 complex with more than one conformation and exchanging
water. For sample solution C, one component become predominantly, and finally for sample solution
D, only one component was observed. H(1) gave only one sharp signal, but complex spin-spin
coupling was observed at H(2) and H(2’). The spectrum of sample solution D is completely identical
to sample solution G that mentioned at previous section and the coupling system is completely same
as well. Therefore, in contrast to the La(Ill) system, 'H NMR of Lu(Ill) system clearly indicates the
formation of 1:3 complex.

Even though there are excess of TEDGA, the exchange reaction in the Lu(IIl) system is slow
enough on the NMR time scale. Sample solution E showed additional signals at the same position as
that of sample solution A. These signals thus can be assigned to free TEDGA. The integral ratio of
between coordinated and free is 3:1, thus this observation clearly indicates the formation of 1:3
complex in Lu(IIl) system. This result is in accordance with the results of UV-vis. In addition, three
TEDGA molecules in the 1:3 complex coordinate to the Lu(Ill) by tetradentate fashion and are
magnetically equivalent. Therefore, The structure of the 1:3 complex can be considered to be the same

structure as solid state.
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Figure 3-18 'H NMR spectra of TEDGA in acetonitrile-d; for different molar ratios of sample solution (A, B, C,
D and E) for Lu(III) (right) systems.

According to the spectrophotometric titration of Ho(III) and Er(Ill) in Chapter 3.3.1, the complexes
with 1:1 and 1:3 metal to ligand ratio are formed. The stability constants of Ho(Ill) and Er(III)
complexes indicate that 1:1 and 1:3 complex is dominant in the solution B and D, respectively. The

distribution of 1:1 and 1:3 complexes were calculated according to the stability constants, and are
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Chapter 3 Ln(III)-TEDGA Complexes in Solution

listed in the Table 3-3.

Table 3-3 Distributions of the species in sample solutions

Sample solutions Ho Er
1:1 complex (%) 1:3complex (%) 1:1 complex (%) 1:3complex (%)
B 1:1 89.7 2.1 59.3 6.8
Cl1:2 530 46.2 56.9 37.3
D1:3 0.6 993 0.0 99.9
E 1:4 0.0 99.9 0.0 100.0

By taking into account both UV-vis and '"H NMR spectra, following can be concluded. (i) At the
beginning, under the [Lu]:[TEDGA]=1:1 conditions, 1:1 complex is dominant but small amount of 1:3
complex already exists. (ii) Under [Lu]:[TEDGA]=1:3 condition, 1:3 complex is completely dominant.
(iii) Excess of TEDGA do not causes the fast exchange. Figure 3-19 illustrates the reaction scheme
estimated from the spectrophotometric and NMR titration result for light Ln(III). The evaluations of
the complexation behavior of heavy Ln(Ill) with TEDGA clearly demonstrate the contribution of the
structure of complex for the stability.

Fast
\_'} n-H,0 ‘Nxchange LNJ LNJ
TEDGA 2=O\ + @nph,0 2TEDGA o/: ??J’\b
Ln(NO;); s— O--.Ln S L. 1 ~ | NOs)s
‘ 3-m)*NO.- ANTOs - SOTN
_ ’\ (3-m):NO; 00 \«
(0] ) 1.\,0\/\ ~ + 6'H20
/N m-NOg N ’\‘l\
) /
1:1 complex, asymmetric around Ln(lIl) Symmetric 1:3 complex

A4 Exchange reaction observed by 'H NMR.

Postulated exchange reaction.

Figure 3-19 Scheme of complex formations for Lu(IIl) (heavy Ln(III)) with TEDGA estimated from NMR
titration.

Tb(III) and Ho(III) Systems

Figure 3-20 shows the spectra of solutions B, C, D, and E of Ho(IlI) system. In contrast to the
Nd(II) system, Ho(III) system showed the same feature as observed at NMR titration of Lu(Ill). In
sample solution B, at least 14 signals were observed. Even though the all of signal cannot be assigned
precisely in sample solution B, C and D, however, clear indication of 1:3 complex formation can be
found. In sample solution E, four new signals appeared at the same chemical shift of sample solution
A. These four signals can be thus assigned to free TEDGA, and can be concluded that the exchange
dynamics in Ho(III) system is slow enough on the NMR time scale. The slow exchange was observed
in other heavy Ln(Ill) (Ln = Tb to Yb) systems as well. The elements at the boundary of slow
exchange reaction is Tb and the spectra of that of Yb(III) system are shown in Figure 3-21.
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Figure 3-20 'H NMR spectra of TEDGA in acetonitrile-d; for different molar ratios of sample solution (A, B, C,
D and E) for Ho(III) system. The signals marked by (@) are assigned to the free TEDGA ligand.
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Figure 3-21 'H NMR spectra of TEDGA in acetonitrile-d; for different molar ratios of sample solution (A, B, C,
D and E) for Tb(III) system. The signals marked by (@) are assigned to the free TEDGA ligand.

3.4 Conclusion

The differences in complex formation and structures among the Ln(III) series with DGA ligand in
acetonitrile solutions were demonstrated by UV-vis and NMR spectroscopy.

Hypersensitive peaks are good indicators of ligand binding events. In this study, Nd(III), Ho(III)
and Er(IIl) were selected. Intensity changes in UV-vis spectra by addition of TEDGA clearly showed
that the 1:1 and 1:3 metal to ligand ratio complexes were formed. Sharp decrease in the absorption
intensity of Ln(IIl) indicates that the 1:3 complexes are highly symmetric around Ln(IIl) ions.
However, the stability of complexes of light and heavy Ln(III) are somewhat different. Combined with
the UV-vis and NMR results, following can be concluded:
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Chapter 3 Ln(III)-TEDGA Complexes in Solution

) Light Ln(III) ions form 1:1 and 1:3 complexes. 1:3 complexes are unstable because of
the fast exchange between 1:1 complex, free TEDGA and nitrate ions. The fast exchange
dynamics arise from the large ionic radii, preference of large coordination number and
higher affinity to nitrate ions compared to heavy Ln(III). These factors make nitrate ions
possible to be in the inner-sphere.

(ii) Heavy Ln(IIl) ions form 1:1 and 1:3 complexes, however, 1:3 complexes are highly
symmetric compared with corresponding nitrate and are more favorable as the stability
constants indicated. Once 1:3 complexes have formed, the 1:3 complexes for heavy
Ln(IIT) are highly stable in the acetonitrile solutions.

(ii1) The fast exchange reactions were detected between 1:1 and 1:3 complexes, and between
1:3 and free TEDGA for the light Ln(III). The boundary of the existence of fast exchange
reactions in these systems is between Eu and Tb.

The systematical investigation across the Ln(III) series in the acetonitrile solution provided the
information about the difference in structures and fast exchange reactions. The observations in this
chapter successfully explain why the heavy Ln(IIl) ions are extracted by DGA derivatives with highly
D values. In addition, the coordination of nitrate ions will be further investigated in Chapter 6.
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Chapter 4
Syntheses and Characterizations of

Lanthanide(lll) Nitrate Complexes
with DOODAC2



4.1 Introduction

In Chapter 2 and 3, the crystal structures of Ln(IlI)-nitrate-TEDGA complexes and complex
formation behavior of Ln(IIl) nitrate with TEDGA were demonstrated and have provided reasonable
evidences that the structures of complexes are strongly related to their stability. In this chapter, the
same approach was adopted to the tetradentate neutral diamide extractand, DOODA derivatives.

As outlined in the Chapter 1, maloneamide have been known to shown the relatively weak affinity
to Ln(III) and poor preorganization of the two carbonyl groups formed upon complexes with Ln(III)
and An(III) ions. In this reason, the extraction process requires a higher concentration of malonamide.
By introducing of ether oxygen between the two amide groups of malonamide, diglycolamide (DGA)
has three oxygen atoms to bind Ln(IlI) and An(Ill).[1] Consequently, DGA derivatives have been
found to have surprisingly high selectivity with binding to tridentate fashion to Ln(III) and An(III).
Recently, the extractant that possesses one other ether oxygen atom, N,N,N’,N’-tetraalkyl-
dioxaoctanediamide (DOODA) have been developed and examined. DOODA involves two ether
oxygen and two carbonyl oxygen atoms. Figure 4-1 shows the structure of DOODA.

Dioxaoctanediamide(DOODA)
R: C,H5(DOODA-C2)  CgH;7(DOODA-C8)

Figure 4-1 Schematic structures of N,N,N’,N’-tetraalkyl dioxaoctanediamide (DOODA).

DOODA have a coordination ability to metal ions as tetradentate fassion and have expected to be
more efficiently extract Ln(IIl) and An(III).[2] In contrast to the DGA derivatives, Sasaki ef al have
reported that the D values decrease gradually with an increase in the Ln(Ill) atomic number.[3,4,5]
According to the stoichiometry during Ln(IlI) extraction by N,N,N’,N’-tetraoctyl-dioxaoctanediamide
(DOODA-C8), approximately two DOODACS8 molecules were involved in the extracted species.[3]
The lipophilic/hydrophilic DOODA can be controlled by changing the alkyl chain length on the amide
group. The An(III) ions behave as light Ln(III) in this extraction system. Therefore, the combined use
of hydrophilic DOODA and lipophilic DGA is expected to lead large separation factors between
MA(II) and Ln(IIl) species. Despite such very interesting separation approaches, no information is
available concerning related to the structures of extracted complexes.

In this chapter, in order to find differences in structures of Ln(III) nitrates complexes with DOODA,
the systematical investigation across the Ln(IIl) series in the solid state were carried out. The Ln(III)
nitrates complexes with DOODA were synthesized and characterized by single crystal X-ray
diffraction and IR spectra.
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Chapter 4 Crystal Structures of Ln(III)-DOODAC2 Complexes

4.2 Experimental

4.2.1 Materials

Anhydrouns ethyl acetate and acetonitrile were purchased from KANTO chemical co Itd., and used
without further purification. Other chemicals used in this experiment are as same as described in the
Chapter 2. DOODAC?2 and C8 were provided by JAEA (Japan Atomic Energy Agency) and used as
received. However, DOODA can be synthesized by simple procedure as follows; the
3,6-dioxaoctanedioic chloride was synthesized from the reaction between 3,6-dioxaoctanedioic acid
and thionyl chloride. The chloride product was then reacted with the secondary amine such as
N,N-dioctylamin in an ice bath.[3]

4.2.2 Synthesis

Preparation of [La(DOODA);(MeOH),][La(NO;)s] (1): La(NOs);6H,0 0.216 g (0.499 mmol) in
10 ml of ethyl acetate was slowly added to a solution of DOODAC2 0.433 g (1.50 mmol) in 10ml of
ethyl acetate. (Ln:DOODAC?2 = 1:3) The mixture was stirred at room temperature for 1 h and then the
solvent was decanted off. The products were washed with hot ethyl acetate and dried in vacuo over
P,0Os for 1 week, yielding colorless solid. Crystals suitable for X-ray diffraction were obtained by
vapor diffusion with diethyl ether over a period of 1 week. Yield: 44.8 %, Elemental analysis, Found:
C 25.58, H 4.40, N 10.73 %; Calculated for C3;HgN,(Oo5La,: C 28.15, H 5.18, N 10.59 %. The large
error from accurate values in elemental analysis was due to the hygroscopic property of the complex.

Preparation of [Ce(DOODA);(MeOH),][Ce(NO;)s] (2):  This and other complexes were
synthesized in a similar matter to the method mentioned above. The synthesis conditions are as
follows: Ce(NO;);*6H,0 0.217 g (0.50 mmol), DOODAC2 0433 g (1.50 mmol). Yield: 53.6 %,
Elemental analysis, Found: C xx, H xx, N xx %; Calculated for C;;HgN;(OCe,: C xx, H xx, N xx %.

Preparation of [Nd(DOODA)(NQO;);] (2): This and other complexes were synthesized in a similar
matter to the method mentioned above. The synthesis conditions are as follows: Nd(NOj3);*6H,0 0.219
g (0.50 mmol), DOODAC2 0.433 g (1.50 mmol). Yield: 44.8%, Elemental analysis, Found: C xx, H
xX, N xx %; Calculated for C,,H;,NsO,Nd: C xx, H xx, N xx %.

Preparation of [Sm(DOODA)(NO;);] (3): This and other complexes were synthesized in a similar
matter to the method mentioned above. The synthesis conditions are as follows: Sm(NOs);"6H,0
0.109 g (0.25 mmol), DOODAC?2 0.144 g (0.50 mmol). Yield: 44.8%, Elemental analysis, Found: C
26.18,H 4.51, N 10.98 %; Calculated for C,,H;,Ns;O,,Sm: C 26.16,H 4.70, N 10.90 %.

Preparation of [Eu(DOODA)(NO;);] (4): This and other complexes were synthesized in a similar
matter to the method mentioned above. The synthesis conditions are as follows: Eu(NO;);-6H,0 0.22
g (0.50 mmol), DOODAC?2 0.288 g (1.00 mmol). Yield: 63.5%, Elemental analysis, Found: C 26.10,
H 4.69, N 10.87 %; Calculated for C,,H;,N;O,Eu: C 26.16,H 4.70, N 10.90 %.

Preparation of [GA(DOODA)(NO;);] (5): This and other complexes were synthesized in a similar
matter to the method mentioned above. The synthesis conditions are as follows: Gd(NOs);*6H,0 0.23
g (0.50 mmol), DOODAC?2 0.433 g (1.50 mmol). Yield: 45.6%, Elemental analysis, Found: C 25.61,
H 4.35,N 10.72 %; Calculated for C,,H;,N;0,,Gd: C 25.58 H4.65,N 10.65 %.

Preparation of [Tb(DOODA)(NQO;);] (6): This and other complexes were synthesized in a similar
matter to the method mentioned above. The synthesis conditions are as follows: Tb(NO3);*6H,0 0.23
g (0.50 mmol), DOODAC?2 0.433 g (1.50 mmol). Yield: 45.6%, Elemental analysis, Found: C 26.55,
H 4.46,N 10.83 %; Calculated for C,,H;,NsO,,Tb: C 25.81 H4.41,N 10.83 %.
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Preparation of [Dy(DOODA)(NQO;);] (7): This and other complexes were synthesized in a similar
matter to the method mentioned above. The synthesis conditions are as follows: Tb(NO3);*6H,0 0.23
g (0.50 mmol), DOODAC?2 0.433 g (1.50 mmol). Yield: 45.6%, Elemental analysis, Found: C 26.55,
H 4.46,N 10.83 %; Calculated for C,,H;,N;O,,Tb: C 25.81 H4.41,N 10.83 %.

Preparation of [Ho(DOODA)(NO;);] (8): This and other complexes were synthesized in a similar
matter to the method mentioned above. The synthesis conditions are as follows: Ho(NOs);*6H,0 0.23
g (0.50 mmol), DOODAC2 0.433 g (1.50 mmol). Yield: 45.6%, Elemental analysis, Found: C 26.55,
H 4.46,N 10.83 %; Calculated for C,,H;,N;O,,Tb: C 25.81 H4.41,N 10.83 %.

Preparation of [Er(DOODA)(NO;);] (9): This and other complexes were synthesized in a similar
matter to the method mentioned above. The synthesis conditions are as follows: Er(NO;);"6H,0 0.23 g
(0.50 mmol), DOODAC2 0.433 g (1.50 mmol). Yield: 45.6%, Elemental analysis, Found: C 26.55, H
4.46,N 10.83 %; Calculated for C,,H;,N;O,,Tb: C 25.81 H4.41,N 10.83 %.

Preparation of [Tm(DOODA)(NO;);] (10): This and other complexes were synthesized in a
similar matter to the method mentioned above. The synthesis conditions are as follows:
Tm(NO;);"6H,0 0.23 g (0.50 mmol), DOODAC2 0.433 g (1.50 mmol). Yield: 45.6%, Elemental
analysis, Found: C 25.84, H 423, N 10.81 %; Calculated for C,;H»Ns;O;Tm: C 26.14 H 439, N
10.89 %.

Preparation of [Yo(DOODA)(NO;);] (11): This and other complexes were synthesized in a similar
matter to the method mentioned above. The synthesis conditions are as follows: Yb(NOs);-5H,0 0.23
g (0.50 mmol), DOODAC?2 0.433 g (1.50 mmol). Yield: 45.6%, Elemental analysis, Found: C 25.65,
H 4.21,N 10.75 %; Calculated for C,,H,sNsO;Tb: C 25.97 H 4.36, N 10.82 %.

Preparation of [Lu(DOODA)(NO;);] (12): This and other complexes were synthesized in a similar
matter to the method mentioned above. The synthesis conditions are as follows: Lu(NO5);*4H,0 0.23 g
(0.50 mmol), DOODAC2 0.433 g (1.50 mmol). Yield: 45.6%, Elemental analysis, Found: C 26.55, H
4.46,N 10.83 %; Calculated for C,,H;,N;O,,Tb: C 25.81 H4.41,N 10.83 %.

4.2.3 Instruments and General Procedures

Crystal structures were determined using a Rigaku RAXIS RAPID and IR spectra were measured by
the diffuse reflection method using a Shimadzu FT-IR-8400S spectrometer. Details of instruments and

analytical method used in this experiments are as same as described in Chapter 2.

4.3 Results and Discussion

4.3.1 Crystal Structures

The structures of the complexes of Ln(Ill) (Ln=La-Lu, except for Pr and Pm) nitrate with
DOODAC?2 were determined. Their structures are classified into three groups. The first two light
Ln(III) form [Ln(DOODAC?2),(EtOH),][Ln(NOs)s] (Ln = La—Ce) complexes, the next ten light to
middle Ln(III) form [Ln(DOODAC2)(NOs);] (Ln = Nd-Yb) complexes, and final one Ln(IIl), i.e. Lu,
forms [Lu(DOODAC2)(NOs),](NO;) complex. Several attempts were made to crystalize the Pr
complex with DOODAC?2. However, no attempts were succeeded and oily products were obtained.

The First Group
The first two light Ln(IIl) (Ln= La and Ce) complexes exist in the P-1 (#2) space group and are
constructed by the packing of [Ln(DOODA)y(EtOH),]’* cations and [Ln(NO;)s]> anions. The
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Chapter 4 Crystal Structures of Ln(III)-DOODAC2 Complexes

representative example of the first group complex [La(DOODAC?2),(EtOH),][La(NO;)¢] is shown in
Figure 4-2. The structure of [Ce(DOODAC?2),(EtOH),][Ce(NOs)¢] complex is shown in Appendix B.
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Figure 4-2 ORTEP representation of the [La(DOODA );][La(NO;)]. Ellipsoids are displayed at 30% probability.
Hydrogen atoms are omitted for clarity.

The [Ln(DOODAC2),(EtOH),]** cations exhibit ten-coordination, where the Ln(III) ions are
coordinated by the ten oxygen atoms from the two chelating tridentate DOODAC?2 molecules and two
ethanol molecules. As described in the Chapter 1.3.1, common polyhedra for the ten-coordination
geometry are bicapped square antiprism (D,,), the bicapped dodecahedron (D,) and the polyhedron
based on a dodecahedron (C,,). The angular parameters for these cations are listed in Table 4-1. The
average values of the angular parameters are close to that of bicapped dodecahedron (D,). Long bond
length from the ether oxygen of DOODAC2 (02, O6) placing at the position C makes it difficult to
maintain the polyhedron to be bicapped square antiprism (D,4). The resulting coordination polyhedron
of [Ln(DOODAC2),(EtOH),]** (Ln = La and Ce) cation thus can be described as a distorted bicapped
dodecahedron (D,). Bicapped dodecahedral view of [Ln(DOODAC?2),(EtOH),]**is shown in Figure
4-3.

Table 4-1 The angular parameters for the La(IIl) and Ce(IIl) complexes

bicapped square antiprism (D,,) bicapped dodecahedron (D,)
Complex 0 0, 0y 0
Idealized 64.8 32.8 77.0 60.0
La 62.8 36.2 76.5
Ce 62.8 36.0 76.8
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(a) (b)
Figure 4-3 (a) Bicapped dodecahedon(D,) and (b) [Ln(DOODAC2),(EtOH),]**ion in Ln(IITI)-DOODAC2
complex.

The [Ln(NO;)s]* anions exhibit twelve-coordination, where the Ln(III) ions are coordinated by
twelve oxygen atoms from the six chelating nitrate. Such as structure is quite similar to the analogs
anionic complexes, [Nd(NO,)q]*, reported by Biinzli et al. Figure 4-4 shows the [Nd(NO;)]*" anion
reported by Biinzli et al. and the [La(NO;)s]> anion in this study. From a comparison with these
structures, it is apparent that the [La(NO,)]” anion in this study have low symmetry than the
[Nd(NO;)s]* anion reported by Biinzli et al. As discussed in Chapter 1.3.1, there are three structural
isomers in the icosahedoral geometry and the geometry has three types of isomer, I II and III. The
reported [Nd(NO5)s]* anion is isomer-I that has the symmetry I, and this type of isomer can find
elsewhere. [6,7,8,9,10] On the other hand, [Ln(NO;)]* anion of the first group complexes were found
to be the isomer III with D,; symmetry, and not likely to that of [Ln(NO5)]* anions in Ln(III)- TEDGA
complexes which are all isomer II.[11] In Figure 4-5, the geometrical position of isomer II for
[M(bidentate),] [12] and the geometrical view of [La(NOs)s]* ion in La(IIl)-DOODAC2 complex are

shown for comparison.

(a) (b)
Figure 4-4 (a) [Ln(NO,)]* ion reported by Biinzli et al. [6] and (b) [Ln(NO;),]* ion in La(III)-TEDGA complex
(right).
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0(19)
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(a) (b)
Figure 4-5 Icosahedron isomer II of [M(bidentate)] defined in the literature (left) [12] and the same geometrical
view of [La(NO,;)]* ion in La(IIl)-TEDGA complex as isomer II(right).

The Second Group

The second ten Ln(IIl) (Ln = Nd-Yb) complexes exist in the P21/c or P21/a (#14) space group.
Their crystal structures are constructed by Ln(IlI) with ten-coordination wrapped around by one
DOODAC?2 and three nitrate ions with chemical formula [Ln(DOODAC2)(NOs);]. A representative
example of this type of complex [Eu(DOODAC2)(NOs);] is shown in Figure 4-6. All other
[Ln(DOODAC2)(NOs);] complexes are shown in Appendix B.

Figure 4-6 ORTEP representation of [Eu(DOODAC2)(NO;),]. Ellipsoids are displayed at 30% probability.
Hydrogen atoms and solvent molecule are omitted for clarity.

The angular parameters of these complexes are listed in Table 4-2. The average values of the
angular parameters are close to that of bicapped square antiprism (D,4). Therefore, the coordination
polyhedra of all [Ln(DOODAC?2)(NO;);] complexes in the second group thus can be described as a
distorted bicapped square antiprism (D,;). Bicapped square antiprism (D,;) views of
[Ln(DOODAC2)(NOs);] (Ln= Eu and Yb) are shown in Figure 4-7.

Assuming that each O-CH,-CH,-C=0 fragment of DOODAC?2 is considered to be pseudo-bidentate
ligand, five bidentate ligands wrap around Ln(III) ions. Five bidentate ligands can be arranged in two
different ways called cis and trans isomers.[12] Two bidentate ligands with atoms at the capping

position have their other ends on two adjacent vertices of the square antiprism. Thus, all complexes
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belonging to the second group are described as a distorted bicapped square antiprism with cis
conformation. It is interesting to note that one of the capping atoms is always O (O(1)) of
DOODAC?2 molecule which could be involved in the longest Ln-O distance in the complexes.

Table 4-2 The angular parameters for the Nd—Yb complexes

bicapped square antiprism (D,,) bicapped dodecahedron (D,)
Complex 0 0, 0p
Idealized 64.8 32.8 77.0
Nd 65.5 249 759
Sm 65.0 253 76.9
Eu 64.9 255 76.8
Gd 64.9 25.7 76.5
Tb 65.0 253 76.4
Dy 654 25.7 75.1
Ho 64.8 26.0 76.2
Er 654 26.5 744
Tm 65.5 25.7 76.0
Yb 65.6 26.2 74.9

8
Figure 4-7 Coordination polyhedron of bicapped square antiprism (left) and [Ln(DOODA)(NO;);] (Ln = Eu
(middle) and Yb(right))

The Third Group
The final Ln(Ill) elements, Lu(Ill), exist in the P212121 (#19) with chemical formula
[Lu(DOODA)(NOs),](NOs). This has a disordered one nitrate anion in the outer sphere.

N

Figure 4-8 ORTEP representation of Type3; Lu-DOODA complex. Ellipsoids are displayed at 30% probability.
Hydrogen atoms and solvent molecule are omitted for clarity.

74



Chapter 4 Crystal Structures of Ln(III)-DOODAC2 Complexes

In this complex, Lu(Ill) is nine-coordination. As outlined in 1.3.1, favorable arrangements of
nine-coordination are the tricapped trigonal prism (D3,) and the monocapped square antiprism (C,,).
The polyhedron of this complex was analyzed by using method of Guggenberger and Mutterties based
on the dihedral angles along the edges of the coordination polyhedron.[13] The dihedral angles of
[Lu(DOODA)(NO;),](NO;) are summarized in Table 4-3. As seen from this table, the dihedral angles
of this complex are close to that of monocapped square antiprism (C,,). Therefore, the polyhedron of
[Lu(DOODA)(NO,),]** cation can be described as distorted monocapped square antiprism (C,,).
Monocapped square antiprism view of coordination polyhedron of [Lu(DOODA)(NO,),]** cation is
shown in Figure 4-9.

Table 4-3 Dihedral angles for [Lu(DOODA)(NO;),](NO;) complexes

tricapped trigonal prism (Dj,) monocapped square antiprism (C,,)
Average of 3 at Average of 3 at

Complex  Opposed(L) Opposed(|}) Vicinal() Opposed Opposed Vicinal(_L)
Idealized 180.0 146.4 264 163.5 138.2 00
Lu 171.8 148.1 134 163.7 137.5 13.37
o
05
Pn4

Q..

Figure 4-9 Monocapped square antiprism view of coordination polyhedron of [Lu(DOODA)(NO;),]** cation.

Table 4-4 Selected bond lengths and angles for light Ln(III) complexes

La Ce Nd Sm Eu Gd
Ln-O,. /A 2.68 267 2.56 2.54 2.53 2.53
Ln-O.,,/ A 2.52 2.50 240 2.39 237 237
Ln-O,../ A 267 2.66 2.55 2.53 251 2.50
O-C/A 1.44 1.43 1.43 1.41 1.41 1.40
0=C /A 1.25 1.25 1.25 1.25 1.25 1.25
C-C/A 1.51 1.51 1.51 1.48 1.48 1.48
O, - L0-O, 0 / ° 58.8 592 61.1 623 62.7 629
O~ L0-0 ;1 59.7 599 62.6 61.6 61.8 62.0
Cc-0-C/° 113.1 1125 112.8 116.3 116.2 116.1
0-C-C/° 107.5 107 .4 107.8 1135 1143 1142
0=C-C/* 120.1 120.0 118.7 118.7 119.2 1184
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Table 4-5 Selected bond lengths and angles for heavy Ln(III) complexes

Tb Dy Ho Er Tm Yb Lu
Ln-O,pe, / A 2.52 2.50 251 2.52 247 2.46 2.39
Ln-O,., / A 2.35 2.33 2.33 2.33 2.30 2.27 2.28
Ln-O,pue / A 249 249 247 244 247 248 2.40
0-C/A 142 1.44 141 143 1.42 143 1.42
0=C/A 1.26 1.25 1.24 1.25 1.26 1.25 1.26
C-C/A 1.51 1.51 1.48 1.51 1.49 1.52 143
O therLN-Oypo / ° 62.6 65.3 63.6 614 65.4 66.4 674
O ther LN-Oggper / ° 62.3 63.3 62.0 61.8 63.3 63.7 65.0
C-0-C/° 115.3 112.7 115.8 113.9 1144 113.7 1149
o-C-C/° 113.0 1074 113.3 106.3 109.8 107.2 1104
0=C-C/° 118.6 118.8 118.9 117.9 118.7 118.2 119.8

The average values of selected bond lengths and angles of the complexes are listed in Table 4-4 and

Table 4-5. In comparison of each Ln-O bond lengths in Ln-DOODAC?2 moiety, the bond lengths of
carbonyl oxygen atom to Ln(Ill) (Ln-O,,,) are significantly shorter than that of ether oxygen atom to
Ln(IIT) (Ln-Ogye). The difference in bond length between Ln-O.,,,, and Ln-O,, indicates that the
Ln-O,,, bond is the stronger than Ln-O,, bond as same as in TEDGA complexes.

The Ln-O bond lengths regularly decreases as the Ln(III) atomic number increases. The decrease in
bond length is correlated with the change of ionic radii.[14,15,16] By subtracting of the ionic radius of
corresponding coordination number, the residual values are independent from lanthanide contraction.
Figure 4-10 shows plots of Ln-O bond lengths and the residual values of Ln-O bonds. The residual
values were further examined by standard deviation values in statistically and confirmed that the Ln-O
lengths are approximately constant in entirely Ln(III) series, except for the Ln-O,;,. in the first group
complexes. This may reflect the strong affinity of Ln(III) to the nitrate ions.
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Figure 4-10 Plots of average bond distance and ionic radii independent distances against Ln(III) atomic number.
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4.3.2 Infrared Spectra

Infrared spectra of all Ln(III)-DOODAC2 complexes and free TEDGA were measured. The
resulting spectra are shown in Figure 4-11. Assignments for the IR bands for all groups of complexes
are summarized in Table 4-6.

The sharp peak at 1645 cm™ and the broad peak at 1110 cm™ are assigned to Vo and Ve of
TEDGA, respectively. IR spectra of the range 1800—1500 cm™ and 1200-1000 cm™ for free TEDGA,
La(Ill), Nd(III), Yb(III) and Lu(Ill) complexes are shown in Figure 4-12 as representative examples.
In all group of the complexes of Ln(III)-DOODA-C2, Ve and Ve shifted to 1614-1623 cm™ and
1083-1090 cm™, respectively. Band shifts on vc_o and Ve o c indicate that the of the carbonyl and ether
oxygen atoms take part in coordination to the Ln(IIl) ion. The larger shifts of v._ in the spectra of the
complexes suggests that the Ln-O,pony bond is stronger than Ln-O,y,,.

Table 4-6 Observed IR Bands of Ln(II1)-DOODAC2 Complexes

Combination
C=0 C-0-C w, Vi Vo Ve v; A highest-frequency frequencies A conbination
Vi +V,
DOODAC2 1645 1110

La(lst group) 1615 1083 1303 1511 1036 819 735 208 1771 1740 31
Ce(1st group) 1619 1085 1281 1511 1041 819 735 230 1780 1745 35

Pr 1620 1084 1281 1511 1040 819 735 230 1778 1747 31
Nd(2nd group) 1612 1088 1283 1508 1032 819 735 225 1766 1730 36
Sm(2nd group) 1614 1090 1287 1503 1033 818 740 216 1770 1733 37
Eu(2nd group) 1616 1083 1283 1510 1036 825 742 227 1762 1732 30
Gd(2nd group) 1618 1087 1285 1509 1032 818 742 224 1764 1730 34
Tb(2nd group) 1619 1089 1288 1505 1029 818 744 217 1767 1730 37
Dy(2nd group) 1620 1088 1289 1508 1027 818 748 219 1766 1732 34
Ho(2nd group) 1621 1089 1291 1506 1029 818 748 215 (1780) 1765 1730 35
Er(2nd group) 1620 1089 1292 1506 1029 818 750 214 (1784) 1765 1730 35
Tm(2nd group) 1622 1089 1294 1506 1029 818 752 212 (1786) 1765 1730 35
Yb(2nd group) 1622 1090 1296 1508 1030 818 752 212 (1787) 1765 1732 33
Lu(3rd group) 1623 1090 1297 1509 1031 818 754 212 (1787) 1763 1732 31

The N-O stretching modes v,, v,, and Vv,, along with the bending modes v, and v; are observed at
about v = 1505-1511, 1288-1303, 1027-1041, 818-825, and 753-750 cm, respectively. These IR
bands suggest that the nitrate ions coordinate to the Ln(IIl) by bidentate manner as depicted in the
crystal structures and they are not ionic.[17] The nitrate ions coordinate to the Ln(IIl) by bidentate
fashion, because the differences of combination frequency band (v,+v,) around 1700-1800 cm™ are
31-37 cm™ across the Ln(III) series.[18,19] Although the crystal structure of Lu(III) complex has one

nitrate ion in the outer-sphere, no other band were observed for ionic nitrate.
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Figure 4-11 IR spectra of Ln
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—— [Nd(DOODAC2)(NO3)5] —— [Nd(DOODAC2)(NO3);1]

—— [La(DOODAC2),(MeOH),1[La(NO3)4] —— [La(DOODAC2),(MeOH),][La(NO3)¢]
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Figure 4-12 Representative examples of IR spectra of Ln-DOODA complexes.

4.4 Conclusion

The Ln(II) nitrate complexes with DOODAC2 were synthesized and characterized in
crystallographically. The coordination modes of DOODA and nitrate ions were confirmed by infrared
spectroscopy. Although the synthesis procedures are same through the Ln(Ill) series, differences were
appeared among the structures of complexes. The structures of complexes are classified into three
groups, the first group, [Ln(DOODAC?2),(EtOH),][Ln(NO;)s] (Ln = La and Ce); the second group,
[Ln(DOODAC2)(NOs);] (Ln = Nd-YDb except for Pm); and the third group, [Ln(DOODAC2)(NOs)s]
(Ln =Lu). The coordination polyhedra of these complexes were determined.

As discussed in Chapter 2.3.1, the structural differences in these complexes can be attributed to the
following factors: (i) lanthanide contraction, (ii) crystal-packing stability and (iii) bonding affinity of
the nitrate ion. In case of this study, (i) and (iii) are the likely effects for the causes of the differences
as well as TEDGA system.
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( Chapter 5
Complexation and Structural Studies of
Lanthanide(lll) Nitrate Complexes with DOODA

in Acetonitrile Solutions



5.1 Introduction

In Chapter 2 and 3, the crystal structures and complexation of Ln(Ill) nitrate with TEDGA in
acetonitrile solution were examined and the difference between light and heavy Ln(IIl) were discussed.
The structures of complexes in both solid state and solution, and stability constants showed good
relation to the reported variations of distribution ratios (D) (i.e. selectivity) in solvent
extraction.[1,2,3,4]

As outlined in the introduction of Chapter 4, tetradentate DOODA derivatives have also been
examined as a efficient extractant for Ln(IIl) and An(III). DOODA derivatives have a selectivity for
mostly light Ln(IIl) whereas the TEDGA have a selectivity for heavy Ln(Il).[5,6,7] The difference
between DGA and DOODA derivatives is the number of oxygen atoms participating in the bond to
Ln(IIT) and An(IIl). In Chapter 4, it was revealed that the crystal structures of Ln(IIl) nitrate
complexes displayed three types of complexes with coordination number 12, 10, and 9. The Ln(III)
nitrate with DOODAC?2 system in solution is also of interest because the differences in coordination
structures of Ln(IIT) with DOODAC?2 must be found.

The objective of this chapter is the systematic investigation of the structural or complexation
differences among the all Ln(III) nitrate complexes with DOODA in the solution. In this chapter, the
same approaches were utilized as explained in Chapter 3. The complexation behaviors and structures
of complexes in each complexation steps were investigated by UV-vis and NMR spectra in the

acetonitrile solutions.

5.2 Experimental

5.2.1 Instruments and General Procedures

Spectrophotometric Titrations

Spectrophotometric titrations of DOODAC2 complex were conducted on SHIMADZU UV-3150
spectrophotometer equipped with sample holders of temperature controller at 298 K. Other details
were same as those described in Chapter 3.2.2.

Nuclear Magnetic Resonance Study

The 'H NMR spectra were recorded on JEOL ECX-400P. Various molar ratios of acetonitrile
sample solution dissolving DOODAC?2 and hydrated Ln(III) (Ln= La—Lu, except for Pm and Gd)
nitrate were prepared. The compositions of sample solutions are given in Table 5-1. 'H longitudinal
relaxation times (T,) were determined by using the inversion recovery method with a 180°-t—90°pulse
sequence. The diamagnetic contributions of T, values were corrected by using the T, value for the
La(III). All inversion recovery measurements were performed after the sample was degassed by Ar gas.

Other details were same as those described in Chapter 3.2.2.
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Table 5-1 Acetonitrile-d; solutions used in the NMR experiments

Sample [Ln] /mM [DOODAC2] /mM [Ln]:[DOODAC?2]
solutions (Ln=La-Nd, Eu-Lu)

A 0 10 0:1

B 10 10 1:1

C 10 20 1:2

D 10 30 1:3

E 10 40 1:4

F [La(DOODAC2),(MeOH),][La(NO;),]

G [Lu(DOODAC2)(NO,),](NO5)

5.3 Results and Discussion

5.3.1 Spectrophotometric Titration

Nd(III) System

To evaluate the complex formation of NdA(III) nitrate with DOODAC2 and to analyze the
coordination structure around Nd(III), spectrophotometric titration of Nd(III) nitrate with DOODAC2
was performed. The resulting absorption spectra with the titration range [Nd]:[DOODAC2] = 1:0-1:5
are shown in Figure 5-1 (a). As seen from the spectra, the absorption band of Nd(III) at 581 nm shifts
to 583.8 nm and its intensity increased with addition of DOODAC2 until the metal to ligand ratio
reached [Nd]:[DOODAC2]=1:1. The absorption intensity at 583.8 nm then drastically decreased with
the addition of DOODA. Two linear regression lines cross at [Nd]:[DOODA]=1:1, and 1:2, indicating
the formation of 1:1 and 1:2 Nd-DOODA complexes. The stability constants in this system were
calculated and the best fit was obtained when 1:1 and 1:2 complexes were refined. The overall
stability constant logf; where j=1 and 2 were calculated as 8.4 + 1.0 and 12.3 + 1.0, respectively.
Relatively large standard deviations were due to the small change in the spectra intensity. The

following reactions can be proposed to the complexations for this system:

Ln(llll + DOODAC2 <~— [Ln(DOODAC2)] (Eq. 20)

Ln(lll) + 2.DOODAC2 ~— [Ln(DOODAC2);] (Eq.21)

The spectra of the titration range [Nd]:[DOODAC2] = 1:0-1:1 are shown for clarity in Figure
5-1(b). As seen from this figure, the absorption band at [Nd]:[ DOODAC2]=1:1 showed characteristic
shape possessing flat area within the wavelength range 570-580 nm and intense sharp band around
583.8 nm. This characteristic shape is similar to that of reported ten-coordinated Nd(III) spectrum of
Nd(NO,)s> species. The complex formed on this condition possess ten-coordination as similar
coordination environment around Nd(III) ion, that is, the complex with formula
[Nd(DOODAC2)(NOs);] (CN=10). In Chapter 4, the crystal structures of Ln(IIl) nitrate complexes
with DOODAC?2 have been reported. Nd(III) involved in the second group complexes with chemical
formula [Nd(DOODAC2)(NOs);]. Therefore, it appears that the 1:1 complex in acetonitrile solution

can be assumed to be same structure as in its crystal structure.

85



0.25 0.25
] [Nd]:[DOODA]=1:1
0.20 0.20
8 0.15 8 0.15]
[+ ©
2 2
(o] o
) 012345 @
2 0.10 [DOODAC2]/[Nd] 2 0.10
0.05 0.05
OOO_— 0'00_-|u--|u--|-u-|nu|nu|un|u-|-u-7|‘|-]-|
560 570 580 590 600 610 560 570 580 590 600 610
Wavelength (nm) Wavelength (nm)

Figure 5-1 Spectrohotometric titration of 10 mM Nd(IIT) with DOODAC?2 in acetonitrile at 298 K, (a)
[Nd]:[DOODAC?2] = 1:0-1:5 and (b) [Nd]:[DOODAC2] = 1:0-1:1.

The drastic decrease in intensity like observed in TEDGA system did not observed in this system.
The small decrease in the absorption intensity by further adding DOODAC?2 also indicate that the
changes in symmetry around Nd(III) ion is small. The small change in absorption bands reflects that
the coordination environment around Nd(III) is similar to that of hydrated Nd(III) nitrate.

Ho(III) System

Spectrophotometric titration of Ho(III) with DOODAC?2 was also performed. The obtained spectra
are shown in Figure 5-2. From these spectra, stability constants were calculated. The best fit was
obtained when 1:1 and 1:2 complexes were refined. The overall stability constant logf3; where j=1 and
2 were calculated as 6.2 £ 0.2, 8.6 + 0.2, respectively. In Ho(III) system, spectral difference between
the formed species are quite small. The small differences in the absorption band indicate that the

environment around Ho(III) ions are similar to that of Ho(III) nitrate.
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Figure 5-2 Spectrophotometric titration of (a) 10 mM Ho(III) with DOODAC?2 in acetonitrile at 298 K and (b)
expansion of the wavelength range 445-456 nm.

Figure 5-3 shows the plots of the stability constants for complexes of Ln(IIl) nitrate with TEDGA
system obtained in this study. As seen from this figure, Nd(III) has large stability constants compared
to Ho(III). As mentioned above, DOODA are known to have high selectivity to light Ln(III) compared
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to that of DGA. Hence, higher stability constants for light Ln(IIl) are consistent with the affinity in

extraction experiments.[5]
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Figure 5-3 Stability constants with error bars determined for Ln(III)-DOODAC?2 from spectrophotometric
titration experiments in acetonitrile solutions at 298 K.

5.3.2 NMR Structural Analysis

To investigate the structures of Ln(III) nitrate complexes with DOODA (Ln = La and Lu), 'H NMR
spectra of the acetonitrile-d; solutions dissolving free DOODA (sample solutions A), crystals of
Ln(IIT) complexes, i.e. [La(DOODAC2),(MeOH),][La(NO;)s] (sample solutions G), and
[Lu(DOODAC2)(NOs),](NO;) (sample solution F), were measured. The resulting spectra are shown in
Figure 5-4.

H(1)

O/_\o H@)  H@E) HE)
O
_/" © © H\(WHM')
% . ,“_-.:-'-.- P 1 DOODAC2
W ' l “ G: [Lu(DOODAC2)(NO,),](NO)
M:‘.
I S ¥ D U | S La(DOODAC2),(MeOH),][La(NO,),]
H(2) H(1) H(3),H(3") H,0 CD,CN H(4),H(4")
ppm 45 40 35 30 25 20 15 10

Figure 5-4 "H-NMR spectra of the acetonitrile-d; solutions, A (free TEDGA on the top), G
([Lu(DOODAC2)(NO;),](NO;) on the middle) and F ([La(DOODAC?2),(MeOH),|[La(NO;),] on the bottom) at
298 K.

'H NMR spectrum of free DOODAC?2 (sample solution A, on the top of Figure 5-4) showed six
resonances and similar features as observed on sample solution A of TEDGA system. The peaks
observed double triplet at 1.2, double quartet at 3.3, singlet at 3.7 and singlet at 4.1 ppm were assigned
to H(4), H(3) and H(1), and H(2), respectively. The spectrum indicates that the existence of axial
symmetry (C,,) and rotation about N-CH,CHj; in the DOODAC?2 molecule.

The spectra of sample solutions G and F also showed similar features. As observed at TEDGA
system (see Chapter 3.3.2 for details.), the free rotation around N-CH,CH; was restricted upon
coordination. On the spectra of sample solutions F, methylene signal of H(2) and H(1) shifted to
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downfield compared to sample solution A. This indicates that the DOODA coordinates to La(III)
symmetrically by both ether and carbonyl oxygen atoms.

Lanthanide Induced Shift (LIS) Analysis of 1:1 Complexes

It was assumed that the 1:1 complexes of Ln(III) nitrate with DOODAC?2 are stable throughout the
Ln(III) series. Observed chemical shifts of sample solution B (Ln = La—Lu, except for Gd) are listed in
Table 5-2 and all '"H NMR spectra are shown in Appendix C.

Table 5-2 'H-NMR chemical shifts (with respect to solvent residual peak) of sample solution B in CD,CN at
298 K

H(1) H(Q2) H(Q3) H(G3) H(4) H(4)
DOODAC?2 3.98 4.66 3.38 322 1.18 1.12
[La(DOODAC2)]* ~4.86 6.43 8.69 5.85 4.50 2.99
[Ce(DOODAC2)** ~13.01 9.95 15.62 9.48 8.75 5.46
[Pr(DOODAC2)J** ~1.88 9.06 9.76 6.62 498 3.45
[Nd(DOODAC2)J** 2.09 4.84 430 3.76 1.69 1.51
[Sm(DOODAC2)J* 11.72 0.00 0.05 204 ~0.96 234
[Eu(DOODAC2)J** 3.98 4.66 3.38 322 1.18 1.12
[Th(DOODAC2)]** _187.41 2133 103.72 54.82 61.48 37.03
[Dy(DOODAC2)]** 217.62 46.57 ~138.66 75.65 81.59 50.72
[Ho(DOODAC2)J** ~89.72 33.71 73.46 41.65 4201 26.88
[Er(DOODAC2)]* 108.95 13.14 ~10.09 2216 955 ~16.03
[Tm(DOODAC2)]* 150.00 423 ~51.79 2828 3348 21.76
[Yb(DOODAC2)J** 7275 240 2497 ~13.43 ~16.54 ~10.82
[Lu(DOODAC2)J** 4.02 472 3.3955 3231 1.183 1.121

The paramagnetic Ln(IIT) complexes allow the separation of contact (6°) and pseudo-contact (6%)
contributions to the isotropic NMR paramagnetic shifts (6*°). Theory and method used in this section
are described detail in Chapter 1.4.3. The diamagnetic correction (6**) in (Eq. 11) is taken from the
chemical shifts measured for the isostructural diamagnetic Ln(IIl) complexes. In this cases, La(Ill)
was used for Ln = Ce-Dy, and Lu(Ill) was used for Ln = Tb—Yb. The series of isostuructural can be
checked from plots of (Eq. 15) and (Eq. 16), which are expected to be linear for if these complexes are
isostructural. Figure 5-5 and Figure 5-6 show the plots according to (Eq. 15) and (Eq. 16) for H(1) and
H(2) as representative examples, respectively. These plots according to (Eq. 15) gave two straight
lines. Two straight lines according to (Eq. 15) associate with two different isostructural groups
involving light/middle Ln(IIl) (Ln = Ce—Ho) and heavy Ln(IIl) (Ln = Er—Yb). This means that there is
a structural break between Ho and Er in acetonitrile solutions, and light/middle and heavy Ln(III) are
not isostructural, but the difference between two isostrucural series would be small because the slope

of (Eq. 15) directory relates to the structural information.
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Figure 5-5 Plots for H(1) in [Ln(DOODAC2)]** (a) 6 *°;/<Sz>; v C/<Sz>; and (b) § *,/C; v <Sz>/C;.
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Figure 5-6 Plots for H(2) in [Ln(DOODAC2)]** (a) 6 *°/<Sz>; v C/<Sz>; and (b) 6 *°;/C; v <Sz>/C;.

As displayed in Chapter 4, complexes of Ln(III) nitrate with DOODAC?2 took three types across the
Ln(III) series. The last elements, Lu(IIl), hardly take ten-coordination as shown in Chapter 1.3.3, and
the fact that the complex with DOODAC?2 exhibit nine-coordination with one nitrate ion in the
outer-sphere. Take into account these facts, the coordination mode change of nitrate ions such as

bidentate to monodentate in 1:1 complexes of heavy Ln(IIl) (Ln = Er—Yb and Lu also).

Distance Estimation from T, and Solomon-Bloembergen Equation

The distance estimation from the relaxation time measurement was carried out for some
paramagnetic Ln(III). When center of the complexes are paramagnetic Ln(IIl) ions, the 'H NMR
relaxation time can be related to its structure by the reduced Solomon-Bloembergen equation. (see
Chapter 1.4.3 for details.) The equation (Eq. 17) means the paramagnetic relaxation enhancement is
related to the reciprocal value of the distance between paramagnetic Ln(II) center and observed
nucleus. Some of the paramagnetic Ln(Ill) exhibited too short relaxation time (ns order) and large
error. In this system, Ce(I1I), Nd(I1I), Ho(III) and Yb(III) showed ms order of relaxation time.

The 'H observed longitudinal relaxation time (T,), the distances estimated from (Eq. 17), and the
distances in the crystal structures are summarized in Table 5-3. Since the H nucleus cannot be
assigned the certain position by X-ray diffraction, this discussion contains uncertainty. However, they
show well agreement especially for light Ln(IIl). This results indicates that the DOODAC?2 do not
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dissociate from Ln(IIl), and observed 'break' of the LIS plots could be attributed to the changes in

coordination mode of nitrate ion.

Table 5-3 Observed longitudinal relaxation times(T,) of H(1) and H(2) in the some 1:1 complexes

T, r (A)Calc Crystal Strucuture(A)
H() H(2) H() H(2) H() H(2)
La(dia) 0.812s 0.855s
Ce 0.119s 0.120s 3.94 3.94 3.66-4.51 3.66-441
Nd 330ms  33.0ms 3.66 3.66 371436 3.94-4.29
Ho 142ms  1.28ms 3.36 3.30 394426 3.89-4.16
Yb 753ms 1.11ms 3.16 3.37 3.62-426 3.84-4.19

5.3.3 NMR Titration

La(IIT) and Lu(III) system

As demonstrated in Chapter 3, NMR titration method is useful to investigate the complex formation
and to obtain the structural information. The spectrophotometric titration of Nd(III) and Ho(III)
showed the formations of 1:1 and 1:2 metal to ligand ratio complexes with DOODAC?2. The complex
formation of Ln(IIl) were studied to gain further structural information on each complexation steps.
Various molar ratios of acetonitrile solutions dissolving free DOODAC?2 and Ln(IIl) (Ln = La-Lu,
except for Pm and Gd) nitrate were prepared and 'H NMR spectra were measured. The compositions
of sample solutions are given in Table 5-1.

Figure 5-7 and Figure 5-8 shows the spectra of sample solutions A, B, C, D and E for La(IIl) and
Lu(III) system, respectively. In both La(Ill) and Lu(IIl) system, the methylene signals H(1) and H(2)
shifted to downfield and showed relatively sharp signals in sample solution B. In the La(IlI) system
(Figure 5-7), the methylene signal H(2) shifted to upfield and broadened in sample solution C
([La]:[DOODAC2] = 1:2). Then, both H(1) and H(2) shifted to upfield in sample solution D
([La]:[DOODAC?2] = 1:3), and the signal broadenings and upfield shifts continued with increasing
TEDGA concentration. In the Lu system (Figure 5-8), both H(1) and H(2) shifted to upfield and
broadened with increasing TEDGA concentration.

- — H A: DOODAC2
N AN _' / :'\w._.....--—;_ﬁ_..-l:\—----Lm» Ji' l E: [La]:[DOODAC2]=1:4
. S __.4 — ~v_.__—JL—zL h . D: [La]:[DOODAC2]=1:3
U I L. ______;p_L _H\—~ C: [La]:[DOODAC2]=1:2
e A W B:[La][DOODAC2]=1:1
H(2) H(1) H(3),H(3") H,0 CD5CN H(4),H(4")
pom 45 40 35 30 25 20 15 10

Figure 5-7 'H NMR spectra of DOODAC? in acetonitrile-d; for different molar ratios of sample solution (A,
B, C, D and E) for La(Ill) systems, measured at 298 K.
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Figure 5-8 'H NMR spectra of DOODAC? in acetonitrile-d; for different molar ratios of sample solutions (A,
B, C, D and E) for Lu(IIl) systems, measured at 298 K.

These shifts and broadenings can be attributed to the fast exchange on the NMR timescale.
Assuming that the Nd(III) and Ho(IIl) are the analogues of La(IIl) and Lu(IIl), respectively, the ratios
of 1:1 and 1:2 complexes in sample solutions B, C, D and E were calculated by using stability

constants and are summarized in Table 5-4.

Table 5-4 Distributions of the species in sample solutions.

Sample solutions Nd Ho
([Ln]:[DOODAC2]) 1:1 complex (%) 1:2 complex (%) 1:1 complex (%) 1:2 complex (%)
B (1:1) 95.8 0.1 954 0.2
C (1:2) 2.9 97.1 47.8 52.1
D (1:3) 0.8 99.2 28.2 71.8
E (1:4) 0.0 99.9 19.3 80.7

As can be seen from this table and the 'H NMR spectra, the species of sample solutions B and C of
La(III) system can be attributed to the 1:1 and 1:2 complexes, respectively, because they are dominant
species under these conditions. On the other hand, sample solutions C, D and E of Lu(IIl) system
contains both 1:1 and 1:2 complexes. Such mixed states cause the fast exchange between two
complexes. From these results, following can be concluded: (i) Both light and heavy Ln(Ill) form
relatively rigid 1:1 complexes with DOODAC?2 as illustrated in Figure 5-9 and their structures are
similar to the second group crystal structures (see Chapter 4.3.1) in ten-coordination, (ii) however,
there is small structural difference between two isostructural group for light/middle Ln(III) (Ln = La-
Ho) and heavy Ln(Ill) (Ln = Er-Lu) groups, and (iii) fast exchange reactions are caused when the
excess of DOODAC?2 (above [Ln]:[DOODAC2]=1:1) exist in the system.

L L

- A

Figure 5-9 Scheme of 1:1 complex formations for Ln(III) nitrate with DOODA estimated from NMR titration.
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In addition, the observed 'H spectra of sample solution F ([La(DOODAC2),(MeOH),][La(NO,)s])
of La(Ill) system was able to reproduced by sample solution B ([La]:[DOODAC2]=1:1), indicating the
dissociation of homoleptic ion pair complex and the reformation of 1:1 complex in the acetonitrile

solution.

Eu(III) System

With increasing DOODAC?2 concentration, the signals were extensively broadened and almost
disappeared into the baseline in every paramagnetic Ln(III) system because of the existence of the fast
exchange reactions. Europium(III) were selected as a representative example for further investigation
of the structures of [Ln]:[DOODAC2]=1:2 complexes. By cooling down the sample to 238K, the
exchange reaction became slow and the signals became relatively sharp. Figure 5-10 shows the
concentration dependency of 'H NMR spectra of Eu(III) nitrate with DOODAC2 measured at 238K.
With increasing the DOODAC2 concentration, from [Ln]:[DOODAC2]=1:1 to 1:2, the signals
changed drastically. In the [Eu]:[DOODAC2]=1:1 system, six signals observed and can be assigned to
coordinated DOODAC?2.

In the [Eu]:[DOODAC2]=1:2 system, H(1) and H(2) broadened and disappeared into baseline, and
four other signals appeared from O ppm to 5 ppm, which can be assigned to free (or partially
dissociated) DOODAC?2. The coordinated signals have total integral for less than two DOODAC2
molecules. The ratios of total integrals of free and coordinated signals are non-stoichiometric
composition, [free]:[coordinated] = 2.4:1.6. This indicates that one or two DOODAC?2 molecules are
not symmetrically coordinated (i.e., only by two or three oxygen atoms) probably due to weak
coordination ability of ether oxygen and the competition with the nitrate ions. Therefore, two
DOODAC?2 molecules are coordinated asymmetrically in the symmetric position in the 1:2 complex.
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Figure 5-10 DOODAC?2 concentration dependent '"H NMR spectra measured at 238K in CD;CN. The ratios
[Eu]:[DOODAC2]=1:1—1:4 from bottom to top.
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Figure 5-11 EXSY spectrum of [Eu]:[DOODAC2] = 1:4 measured in CD;CN at 238K.

Further increase of DOODAC2 concentration, the signals of coordinated H(1) and H(2) were
disappeared. In the conditions above [Eu]:[DOODAC?2] = 1:2, the integrals of coordinated signals did
not change, whereas that of free signals increased by increasing DOODAC?2 concentrations. Thus, it is
clear that 1:2 complex was formed in twice excess of DOODGAC?2, i.e. above [Eu]:[DOODAC2] =
1:2.

The exchanging reaction was further analysed by EXSY spectrum. Figure 5-11 shows the EXSY
spectra of the [Eu]:[DOODAC?2] = 1:4 system measured at 238 K. The EXSY spectrum showed the
correlation peak at ethyl chains between free and coordinated DOODAC?2. This indicates that the
existence of the exchange reaction between free and coordinated DOODAC?2. The exchange reaction
is possibility of inter-molecular exchange between free (*) and coordinated DOODAC?2 represented as
following equation.

[Ln(NO3)3;(DOODAC2),] + DOODAC?2*
= [Ln(NO3)3(DOODAC2)(DOODAC2*)] + DOODAC2
However, there is possibility of intra-molecular exchange between partially dissociated and
coordinated DOODAC?2, or both inter- and intra-molecular exchange are occurring at the conditions
above [Ln]:[DOODA] = 1:2. Unfortunately, in the temperature range of this study, the exchange
system and pathway could not be clarified.

To explain the structure of 1:2 complex, it is necessary to consider the coordination mode of
DOODAC?2 by bidentate or tridentate. Three possible partial coordination modes of DOODAC2 were
considered. (Figure 5-12) In case 1, DOODAC?2 associates with Ln(IIl) by two carbonyl oxygen to
make an eleven-membered ring (bidentate). In case 2, DOODAC?2 associates with Ln(III) by one
carbonyl oxygen and one ether oxygen to make a one five-membered ring (bidentate). In case 3, it
associates by carbonyl oxygen and two ether oxygen atoms (tridentate) to form two five-membered
rings. While the eleven-membered ring is not stable, the case 2 or 3 are likely species.

The ratios of total integrals of free and coordinated, [free]:[coordinated] = 2.4:1.6, can be well
explained if one DOODAC?2 coordinates to Ln(III) by tetradentate mode and one other DOODAC2
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coordinates to Ln(Ill) by bidentate mode (Case2). This result suggests that the
-CH,-O-CH,-CH,-O-CH,- fragment in DOODAC?2 molecule is too flexible to form stable complexes

with Ln(III) and causes very fast inner- and/or inter-exchange reaction.

\ N — = VAR N N _

Tl AN Sy
Ln Ln Ln
Casel, 11 memberd ring Case2, bidentate Case3, tridentate

Figure 5-12 Possible partial coordination mode of DOODAC?2.

In addition, in cases of Nd(III) and Ho(III) system, the signals from free DOODAC?2 could not be
observed even at 238 K. The reason why the free DOODAC?2 signal could not be observed were
because of the very fast exchange reaction in case of Nd(III) system, and because of the large
difference in signal frequency between free and coordinated state in case of Ho(III) system.

Figure 5-13 and Figure 5-14 show the reaction schemes estimated from spectrophotometric and
NMR titration results for light/middle and heavy Ln(III), respectively. Unfortunately, unlike TEDGA
system, it could not determine the boundary of these two reaction scheme due to the very fast
exchange throughout the Ln(IIl) series when the excess of DOODAC?2 exist in the system (above
[Ln]:[DOODAC2] = 1:1).
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Figure 5-13 Scheme of complex formations for light/middle Ln(IIT) with DOODAC?2 estimated from
spectrophotometric and NMR titration.
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Figure 5-14 Scheme of complex formations for heavy Ln(IIT) with DOODAC?2 estimated from
spectrophotometric and NMR titration.

5.4 Conclusion

The complex formations of light and heavy Ln(Ill) nitrate with DOODA were examined using
UV-vis and NMR spectroscopy. It was revealed that both light/middle and heavy Ln(III) nitrates form
1:1 and 1:2 complexes with DOODA in acetonitrile solutions. The stability constants for these
complexes evidenced that the 1:1 complexes are stable for Ln(IIl) series whereas 1:2 complexes are
less stable for heavy Ln(IIl). Combined with the UV-vis and NMR results, following can be

concluded:
6) Both light/middle and heavy Ln(IIl) form 1:1 and 1:2 complexes.
(ii) Hypersensitive peak for Nd(III) provided information that the coordination number of 1:1

complex can be assumed to ten-coordination as displayed in the second group of crystal
structure ([Ln(DOODAC2)(NO;);]).

(iii) The lanthanide induced shift (LIS) plots of 1:1 complexes indicate that there are two
isostructural groups with small variation in their structures, and the heavy Ln(III) (Ln = Er-
Yb and also Lu) would have smaller coordination number compared with light/middle
Ln(II) (Ln=La-Ho) with rearrangement of nitrate ion.

(iv) Very fast inter- and/or intra-exchange reactions are caused when the excess of DOODAC?2
(above [Ln]:[DOODAC2] = 1:1) exist in the system. The -CH2-O-CH2-CH2-O-CH2-
fragment in DOODAC?2 molecule is too flexible to form stable complexes with Ln(III) and
this is the reason of the very fast exchange.

Although the structures of 1:2 complexes could not been elucidated, these results in this chapter can

explain the differences in D values across the Ln(IIl) series by the structure and stability of complexes

in the acetonitrile solution.
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6.1 Introduction

As described in Chapter 1.3.4, interactions with ionic salts in organic solvents are essentially to
understand Ln(III) complex formation, because they work as a counter ions in to form uncharged
complexes. In this point of view, interactions of perchlorate, trifrate, halide and nitrate with Ln(III)
have been widely studied.[1] The interaction between Ln(III) and nitrate in the aqueous solutions also
have been still in one of the topic. Recently, these interactions have been studied by modern
techniques such as Extended X-ray Absorption Fine Structure (EXAFS) measurements, molecular
dynamics simulations, quantum mechanical or quantum chemical calculations.[2,3,4] For instance,
Dobler et al. have performed the quantum mechanical calculations in gas phase to investigate the
structural, electronic and energetic features of nitrate coordination to Ln(IIl).[5] They have revealed
that the CN ranges from 9 (3 monodentate nitrates and 6 water) to 10 (3 bidentate nitrates and 4 water)
or 11 (3 bidentate nitrates and 5 water) are isoenergetic for La(NO;);(H,0),, species. However, the
coordination mode of nitrate in the complexes of the Ln(III) nitrate with neutral hard donor extractant
have not been well studied because of the difficulties of their labile properties.

Narita et al. have reported the coordination environment of Er(IIl) nitrate with a DGA derivatives.
However, EXAFS cannot give the information about the outer-sphere coordinated nitrate ions in
general.[6] Although Hirata er al. have also addressed the molecular dynamics simulations of the
Ln(III) nitrate with DGA ligand system, interaction energy differenced between Ln(III) ions has been
carried out without nitrate ions take into account.[7] Gannaz et al. have proposed the Ln(III) and
An(IIl) complexes formed upon solvent extraction with malonamide and nitrate by EXAFS and IR
study, but the proposal was a speculate based on several experimental result.[8]

Since one of the goals in this study is to clarify the coordination environment around Ln(III)
complexes including counter ions, investigations of the interaction and the coordination mode of the
nitrate ions to Ln(Ill) is important. Therefore, this chapter focuses on the coordination state and
coordination mode of nitrate with Ln(III) upon coordination with neutral diamide ligands by using

spectrophotometric titration, ’N NMR and IR spectroscopy.

6.2 Experimental Details

6.2.1 Materials

98% "N enriched sodium nitrate (Na'’NO,) was purchased from Isotec Inc. and used as received.
The tetrabutylammonium nitrate (TBANO;) were purchased from Sigma-Aldrich Co. LLC. and used

as received.
6.2.2 Syntheses

The TEGDA complexes for Ln = La, Nd, Ho and Lu were synthesized by the procedure described in
Chapter 2. The "N enriched Ln(III) nitrate complexes with TEDGA (Ln = La and Lu) were also
synthesized by following procedures: The “N enriched HNO, was obtained by cation exchange
(AG-50W-X2) of Na"NO;. Hydrated Ln(Ill) nitrate were prepared by the procedure reported
everywhere by using H”NO;.[9]
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Chapter 6 Effect of Nitrate Ion

6.2.3 Instruments and General Procedures

Spectrophotometric Titrations

Spectrophotometric titrations were performed for Nd(III), Ho(Ill) and Er(Ill) with TBANO;,
TEDGA and DOODAC2. The absorption spectra were recorded on SHIMADZU UV-3150
spectrophotometer at 298 K. Other details were same as those described in Chapter 3.2.2.

Nuclear Magnetic Resonance Study

All NMR spectra were recorded on JEOL ECX-400P (400 MHz) spectrometer at 298 K in
acetonitrile-d; solutions. "N chemical shifts were referenced with respect to the solvent peak at 240
ppm. The acetonitrile solutions dissolving TEDGA and hydrated Ln(III) (Ln=La and Lu) nitrate were
prepared and "N NMR spectrum were recorded. Other details were same as those described in
Chapter 3.2.2.

Infrared Spectroscopy
IR spectra (CaF, window, 4000-900 cm™) of acetonitrile solutions dissolving ligand and Ln(III)
nitrate were r various molar ratios were recorded on Shimadzu FT-IR-8400S spectrometer at room

temperature.

6.3 Results and Discussion

6.3.1 Spectrophotometric Titration

Nd(III) System

To evaluate the effect of nitrate concentration on complexation with DGA/DOODA derivatives,
spectrophotometric titration of Nd(III) nitrate (Nd(NOj3);) with tetrabutylammonium nitrate (TBANO;)
was carried out. The resulting absorption spectra were shown in Figure 6-1. The absorption band at

581 nm showed bathochromic shift to 583.5 nm and intensity enhancement with increasing nitrate

concentration.
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Figure 6-1 Spectrophotometric titration of Nd(III) by TBANO; in acetonitrile solutions at 298 K.

As mentioned in Chapter 3.3.1, the spectrum of acetonitrile solution dissolving hydrated Nd(III)

nitrate is quite similar to that of reported by Biinzli, et al.[10] Thus, the coordination environment
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around Nd(III) in acetonitrile solution dissolving hexa-hydrated Nd(III) nitrate (Nd(NO;);-6H,0)
seems to be quite similar even in the hydrated water is exist in the system. By comparison of reported
spectra and Figure 6-1, the figure of Nd(III) absorption band of [Nd(NO;);]:[TBANO;] = 1:2 condition
showed excellent agreement with reported spectra of R=[NO;]/[Nd]=5 in acetonitrile solution.[10]
This result implies that the formations of Nd(NO,)s> species. Biinzli, et al. have conducted the further
investigation of coordination mode of nitrate ions in Nd(NO,)s> by FT-IR spectra. In the anionic
Nd(NO,)s* complex has CN=10.2 and the all nitrate ions are coordinated to Nd(III) by bidentate
fashion. Therefore, the spectrum of [Nd(NO;);]:[TBANO;] = 1:2 in this study may reflect the CN=10
around Nd(III) ion.

In order to evaluate the competition between nitrate and DGA/DOODA derivatives, the
complexation of Nd(III) with diamide ligands (TEDGA and DOODAC?2) were performed under the
condition of [Nd(NO;);]:[TBANO;] = 1:2, i.e. Nd(NOs)s™ is already formed. The resulting absorption
spectra for TEDGA and DOODA titrations were shown in Figure 6-2. The changes in the Nd(III)
absorption spectra by adding TEDGA or DOODAC2 became small when the titration reached to the
[NA(NO,);]:[TBANO;]:[TEDGA]=1:2:3 and [Nd(NO;);]:[TBANO;]:[DOODA]=1:2:1, respectively.
As demonstrated in Chapter 3.3.1, Nd(III) forms 1:3 complex with TEDGA. The changes in
absorption spectra illustrated in Figure 6-2(a) indicate that the Nd(III) form 1:1 and 1:3 inner-sphere
complexes with TEDGA step-by-step and the nitrate ions replaced to the outer-sphere. However, in
case of DOODAC?2 titration, the absorption spectrum of [Nd(NO;);]:[TBANO;]:[DOODA] = 1:2:1.6
in Figure 6-2(b) implies that the DOODAC?2 forms 1:1 complex and do not form 1:2 complex even
though the excess of DOODAC2 exist in the system. Unfortunately, in the spectrophotometric
titrations by TBANO; did not allow the calculation of the stability constants for these complexations
as well as the case of DOODAC?2 in Chapter 4. However, these results provide qualitative insights that
the strength in coordination affinity of TEDGA is larger than that of DOODA, and DOODAC?2 has a

similar strength compared with nitrate.
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Figure 6-2 Spectrophotometric titration of (a) Nd(III) by TEDGA (left) and (b) DOODAC?2 (right) under the
condition of [Nd(NO;);]:[TBANO;] = 1:2 in acetonitrile solutions at 298 K.
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Ho(III) and Er(IIT) System

To confirm the differences in complex formations between light and heavy Ln(IIl), firstly, the
spectrophotometric titrations of Ho(Ill) and Er(III) with TBANO; were performed. The resulting
absorption spectra are shown in Figure 6-3. The absorption bands of Ho(III) and Er(III) showed the
intensity enhancement with increasing nitrate concentration by the additions of TBANO;. Biinzli et al.
have reported that the CN of Er(NO;)s* is 9.9 and the all nitrate ions are coordinated to Er(IIl) by
bidentate mode by FT-IR investigations in acetonitrile solution.[10] According to their report, there
are not significant difference between light and heavy Ln(IIl) in terms of the complexation with nitrate
in the acetonitrile solution. Therefore, the observed change in the absorption spectra of Ho(IIl) and
Er(III) can be considered as the formation of Ln(NO;)s> anionic complexes.
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Figure 6-3 Spectrophotometric titration of (a) Ho(III) (left) and (b) Er(II) (right) by TBANO; in acetonitrile
solutions at 298 K.

The complexation of Ho(Ill) and Er(Ill) with diamide ligands, TEDGA and DOODAC2, were
performed under the condition of [Ln(NO;);]:[TBANO;] = 1:2 (Ln= Ho and Er) as well as Nd(III)
system. The resulting spectra for Er(III)-TEDGA system and Ho(III)-DOODAC?2 system are shown in
Figure 6-4 as representative examples. As a result, the absorption spectra in both case decreased with
increasing the diamide ligand concentration. These changes in absorption spectra can be lead the same
conclusion as Nd(III) system, i.e. the formation of 1:3 complex with TEDGA and 1:1 complex with
DOODAC?2, under the conditions which contain excess of nitrate ions.
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Figure 6-4 Spectrophotometric titration of (a) Er(III)-TEDGA (left) and (b) Ho(III)-DOODA (right) under the
condition of [Ln(NO;);]:[TBANO;] = 1:2 in acetonitrile solutions at 298 K.

6.3.2 NMR Structural Analysis

To determine the number of nitrate ions coordinated to Ln(III), N enriched hydrated Ln(III) nitrate
(Ln = La and Lu) and TBANO; were synthesized and its "N NMR spectra were measured. The "N
NMR spectra of these '"N-enriched salts are shown in Figure 6-5. Only one signal appears at 375, 370
and 368 ppm for TBA”NO;, La('°"NO,); and Lu(”NO,); salt, respectively. These signals can be
assigned to nitrate ions. The upfield shifts in La('’NO;); and Lu('°NOs), salts compared with
TBA"”NO;may due to coordination to the Ln(III) ions.

The "N NMR of nitrate ions interacting with Ln(III) ions have been studied by Fratiello ef al. They
have detected three coordinated NO; signals in water-acetone-Freon-22 mixtures at —125 °C for
La(Ill),[11] and two coordinated NOs signals in water-acetone-Froen-12 mixtures at —115 °C for
Lu(IIl).[12] In both cases, even in low temperature, the differences in observed chemical shifts
assigned to different species are quite small (less than 1 ppm). Therefore, it would be expected that it
is difficult to detect different coordination mode of NO; species at the temperature range of

acetonitrile-d;.

NO- CD4CN

Lu("5NO5)

K SN AN e AR S i et b s i T BATNO;g

pom 380 360 340 320 300 280 260 240
Figure 6-5 "N NMR spectra of °N enriched Ln(III) nitrate (Ln = La and Lu) and TBANO;
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6.3.3 NMR Titration

DGA System

In order to investigate the number of coordinated nitrate in the Ln(Ill) complexes formed with
neutral diamide extractant in solution, titrations of ligands (TODGA and TEDGA) to Ln(Ill) (Ln = La
and Lu) were performed and "N NMR spectra were recorded. In Figure 6-6, the observed "N NMR
chemical shifts are plotted against the ligand to metal ratio. ([Ln]:[diamide] = 1:0-1:5) Only one
signal assigned to nitrate ions was observed in every titration steps. The signals shifted to the

downfield with an increasing in ligand concentrations.
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Figure 6-6 Chemical shift variations on "N NMR signals of nitrate in DGA system in acetonitrile-d; at 298 K.

Since the signal of nitrate ions is always one in all conditions, analyses of number of coordinate
nitrate cannot be performed straightforwardly. For example, under the conditions of [Ln]:[TEDGA] =
1:2, coordinated nitrate in 1:1 and 1:3 complexes and free nitrate would exchange between each sites.
However, even if there are some numbers of coordinated species in the system, their chemical shift
must be close in few Hz and they are not able to observed separately at 298 K. In fact, the chemical
shift differences of coordinated NO; species are 0.1-0.9 ppm in low temperature such as —115
C°.[11,12] Therefore, suppose that the chemical shift in coordinate states are all same, nitrate ions can
be assumed to be in a two-site exchange reaction between free and coordinated nitrate ions. In the fast
exchange region on the NMR timescale, a single resonance is observed and its chemical shift appears
at the weight average of two individual sites as expressed in (Eq. 10) where O, 0, and Oy are
observed chemical shifts, P, and Py are the population of free and coordinate states, respectively. (see
Chapter 1.4.3 for detail.) Three nitrate ions are initially postulated to be in a coordinated state.

The number of coordinated nitrate ions (Pg) were calculated by (Eq. 10) and summarized in Table
6-1. As can be seen from the table, the number of coordinated nitrate ion decreased with increasing of
DGA concentration. The clear difference can be seen at [Ln]:[DGA]=1:3 ratio between La(III) and
Lu(III) system. At least one nitrate ion remains around La(IIl) in coordinated state, while there is no
nitrate ions in the coordinated state around Lu(Ill). These results are consistent with the crystal
structure reported in Chapter 2 and the results concluded by spectrophotometric titrations in Chapter 3

as well.
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Table 6-1 Population analysis of coordinated nitrate ions in Ln-DGA system according to (Eq. 10)

[Ln]:[DGA] La-DGA (Pg) Lu-DGA (Py)
1:0 30 30
1:1 25 24
1:2 1.7 1.5
1:3 1.5 0.2
1:4 1.3 0.0

Structures of *N Enriched Nitrate Complexes with TEDGA

The complexes for Ln(Ill) (Ln = La and Lu) with "N enriched nitrate with TEDGA were
synthesized and characterized by single crystal X-ray diffraction and '"H NMR spectroscopy. The
ORTEP views of these complexes and crystallographic parameters are shown in Figure 6-7 and
summarized in Table 7-3, respectively. The structural features of these crystal structures were
confirmed to be identical to the complex with normal nitrate ions reported by Kawasaki et al and
described in Chapter 2.[13] The La(Ill) complex was constructed by [La(TEDGA);]** cation and
[La(""NO,)s]* anions. The Lu(IIl) complex was constructed by [Lu(TEDGA),]** cation and three

®NO; ions exists as counter anions.
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Figure 6-7 ORTEP view of (a) [La(TEDGA),][La(**NO,),] (left) and (b) [Lu(TEDGA);](**NO,),. (right).

'H NMR spectra of these crystals are shown in Figure 6-8 together with the '"H NMR spectra of
normal nitrate complexes already shown in Chapter 3. By comparison of '"H NMR spectra, the normal

and "N enriched complexes seems to be identical on the 'H NMR spectra.

. \ 1 G: [Lu(TEDGA))(NOS),
l ‘l‘ (Lu(TEDGA),](1NO,),
: A S 0 F: [La(TEDGA),][La(NO.) ]
H(1) H(2),H(2") Hp0 CD3CN  H(3),H(3") ' 2 26

[La(TEDGA),][La(!5NO,),]

ppm 4.5 40 3.5 30 25 20 1.5 1.0

Figure 6-8 '"H NMR spectra of normal and '°N enriched nitrate complexes. (a) [La(TEDGA),][La(NO;),] (on the
bottom) and (b) [Lu(TEDGA);](NO3); (on the top) measured in acetonitirle-d; at 298 K.

To confirm the validation of the assumptions about the coordination state of nitrate ions in TEDGA
complex which made in previous and this chapters, "N NMR of the acetonitrile solutions dissolving
complexes Ln(IlI) (Ln = La and Lu) with "N enriched nitrate with TEDGA were measured. The
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resulting spectra are shown in Figure 6-9. The "N NMR chemical shift of [La(TEDGA );][La("’NO5)4]
was in accordance with that of [La]:[TEDGA] = 1:1.5, indicating the dissociation of homoleptic
complex and in the acetonitrile solution. In contrast, the "N NMR chemical shift of
[Lu(TEDGA);](°NO;); showed excellent agreement with that of [Lu]:[TEDGA] = 1:3. These results
strongly support that the results of Chapter 3 made by UV-vis and '"H NMR spectral evidences.

CD4EN
15IN03,

A i oS A i st [LU(TEDGA)3](1SNO ),

S— [La(TEDGA),][La(SNO,),]

e

ppm 380 360 340 320 300 280 260 240 220
Figure 6-9 "N NMR spectra of "N enriched nitrate complexes (a) [La(TEDGA),][La(*’NO,),] (on the bottom)
and (b) [Lu(TEDGA);](**NO,); (on the top) measured in acetonitirle-d; at 298 K.

Integrate all the results for light Ln(III)-TEDGA system into the complex formation scheme in
acetonitrile solution, the schematic representation can be illustrated as in Figure 6-10. For light Ln(III)
system, they form 1:1 complexes, and also 1:3 complexes with nitrate ions in outer-sphere when the
three times excess of TEDGA exist in the system. However, the large ionic radii of the light Ln(III)
may provide some vacant sites that make at least one nitrate ion possible to exist in the inner-sphere of
Ln(III), although the Ln(III) is wrapped around by three TEDGA molecules. As the result of the nitrate
ion coordination, TEDGA are forced to compete with them and change its position very fast.

U \ n-H,0 Fast
N exchange
TEDGA Z=O\
O--Ln

Ln(NO3)3 ——= + (6-n)*H,0
6°H,0O ( py
z ¥O' \ (3-m)NO3") 4 Exchange reaction observed by TH NMR.
N
i 15
/~ ) m-NO5 Exchange reaction observed by 1°N NMR.
1:1 complex
Fast +
exchange 2-TEDGA [
( J ] — \ J — NJ
VL L %
J ~ N

o N excess of o N yrd 0

\_-/\N—d(; y '('b>) T_‘EDGA \_/-\N‘dc-)- y '(Ibé Fast OJN—\
Z2n - *OHO — | X Fion - exchange {
_/N (4 lI \‘ O ) . ) _IN_Q_ '/ \‘ O )
0 ,0\ N™\ [(38-m):NOg 0 ,0\ N™\ [ (38-m):NO;
‘—(N § ‘—(N L
m+NOg: m+NOj3"
\ A ) ( N 2 + 6'H,0
- 1:3 complex - - 1:3 complex -

Figure 6-10 Schematic representation of light Ln(IIT) complexation with TEDGA.

For heavy Ln(Ill) system, as predicted by previous reports[4,6,7] and various kinds of
measurements in this study, heavy Ln(III) form outer-sphere complexes with nitrate ions when the
three times the concentration of TEDGA exists in the system. Figure 6-9 shows the reaction scheme

estimated from all experimental results for heavy Ln(III). These complexation and structural features
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is the main contribution of the high selectivity to heavy Ln(III) on the solvent extraction.

Fast
\_,} n-H,O ‘Nxchange LNJ LNJ
TEDGA O v o 2TEDGA 5%9941)
Ln(NOg)y o—> O--/1n ¥ = v L | (NOg)s
. NO.- N0, 07N
_ ’\ (3'm) N03 O ‘I ~O \
(0] / )‘\,O} ~ + 6'H20
/_N m'NOS_ /\N N\
A
1:1 complex, asymmetric around Ln(lll) Symmetric 1:3 complex

4 Exchange reaction observed by 'H NMR.

Exchange reaction observed by 15N NMR.

Figure 6-11 Schematic representation of heavy Ln(IIT) complexation with TEDGA.

DOODAC?2 System

To investigate the number of coordinated nitrate in DOODA complexes, same observations and
analyses were performed for DOODA system. The observed "N NMR chemical shifts plotted against
the ligand to metal ratio are shown in Figure 6-12. The signals shifted to the downfield with an
increasing of DOODA concentration. In both La(III) and Lu(III) systems, chemical shifts of "N NMR
spectra showed gradual increase. These observations are in accordance with the results of
spectrophotometric titrations in Chapter 5. Therefore, the chemical shifts observed at
[Ln]:[DOODAC?2] = 1:1 and [Ln]:[DOODAC?2] = 1:2 are correspond to 1:1 complex and 1:2 complex
with exchange reactions of DOODA, respectively.

376~
375
374
373
372 o
371 o O
37040

Chemical shift (ppm)

3694 o
O La:DOODAC?2
O Lu:DOODAC2

0 1 2 3 4 5
[DOODAC2]/[Ln]

368

367 3

Figure 6-12 Chemical shift variations on "N NMR signals of nitrate in DOODAC?2 system in acetonitrile-d; at
298 K.

The number of coordinated nitrate ion in DOODAC2 system was calculated by (Eq. 10) and
summarized in Table 6-2. As can be seen from this table, the number of coordinated nitrate ion
decreased with increasing of DOODAC?2 concentration. There are no noticeable difference between
La(Ill) and Lu(IIl) system. At least one nitrate ion remains around Ln(IIl) in coordinated state. These
results are consistent with the results concluded by spectrophotometric and NMR titrations.
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Table 6-2 Population analysis of coordinated nitrate ions in Ln-DOODAC?2 system according to (Eq. 10)

[Ln]:[DOODAC?2] La-DOODAC2 (P)) Lu-DOODAC2 (P )
1:0 30 30
1:1 2.4 2.5
1:2 1.9 2.1
1:3 1.7 1.8
1:4 - 1.6
1:5 1.5 1.6
1:6 1.5 14

Integrate all the results for light Ln(III)-TEDGA system into the complex formation scheme in

acetonitrile solution, the schematic representation can be depicted as in Figure 6-13 and Figure 6-14

for light/middle and heavy Ln(Ill), respectively. As can be seen from these figures, there is no big

difference between them. This result is in accordance with the differences in distribution ratios (D).

(see Figure 1-5.) The D values gradually decrease with atomic number increases in DOODA system.
The difference between first and last elements (i.e. La(III) and Lu(III)) is tenfold, while the difference
in DGA system is over hundredfold. Therefore, the difference in D values across the Ln(IIl) series is

governed by the stability of 1:2 complexes, that is, Ln(III) ions possessing larger ionic radii can form

relatively stable 1:2 complexes compared with heavy ones.

Ln(NO3)3

N N
N
DOODAG2 o coooncz| o ° o
e O-.._ % + 6°H0 . Oee. N4 .-” + 6°H,0
[ el smpNOs [ et j
O——’ ,', (3-m) 3 O"—' ": d (3-m)*NOy"
\70 KFOI i
N mNOS_J o

Al AR

1:1 complex with CN=10 1:2 complex

— L J LNJ - 'Tr?tsr;—exchange
N

DOODAC2 X K Y
—=| o) cemo
- 0
[O,——— ,' q (3-m)-NOy =S
) o]
-0
0 J
L N N’\ _ o (0]
NO.- L —
1:2 complex ‘__/ \_’ /— ) P Exchange reaction observed by H NMR.
Fast Fast )
intra-exchange inter-exchange Exchange reaction observed by 15N NMR.

Figure 6-13 Schematic representation of light Ln(IIT) complexation with DOODAC?2.
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Figure 6-14 Schematic representation of heavy Ln(III) complexation with DOODAC?2.

6.3.4 Infrared Spectra

As demonstrated in Chapter 2 and 4, nitrate ion possesses characteristic peaks on IR spectra. The
ionic nitrate in D3, symmetry shows three characteristic IR bands v,, v;, and v,, with corresponding
peaks typically observed at around v = 830, 1384, and 774 cm™. v, is normally inactive, but sometimes
becomes weakly active through crystal interactions.[14] The symmetry fall into C,, symmetry by
coordination either in a monodentate or bidentate nitrate complex, and then all six of the normal
modes of vibration become IR active.[15] (see Chapter 1.4.2 for details.) In the acetonitrile solution,
some of these bands were overrapped by vibration of acetonitrile. Fortunately, v, and v, vibration
modes of C,, nitrate were able to observed.

DGA System

The IR spectra of various [Ln]:[TEDGA] (Ln = La and Lu) ratios of acetonitrile solutions were
recorded and shown in Figure 6-15. The characteristic peaks were observed at 1303 and 1490-1510
cm™', which were assigned to the v, and v, of C,, nitrate ions. These bands were weakened and finnaly
disappeared with increasing of TEDGA concentration in both La(Ill) and Lu(IIl) system. The
depressions in these two bands should be corresponding to the outer-sphere complex formation with
nitrate ions, that is, nitrate ions move to outer-sphere of Ln(III) ions. This result agreed with the result
of "N NMR study.
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Lu(NO,;); e M-

Ve-0 Vi Va Veoc Ve-o Vg Va Veoc
R A R R AR R e e e aa e AR
1600 1400 1200 1000 1600 1400 1200 1000
Wavenumber (cm’1) Wavenumber (cm’1)
(a) (b)

Figure 6-15 IR spectra of acetonitrile solution with various [Ln]:[TEDGA] (Ln = (a) La and (b) Lu) ratios
measured at room temperature.

DOODAC?2 System

The various [Ln]:[DOODAC2] (Ln = La and Lu) ratios of acetonitrile solutions also prepared and
their IR spectra were recorded. Figure 6-16 shows some of these spectra as representative examples.
The similar changes were observed in DOODA system as well as TEDGA system. However, even in
[Ln]:[DOODAC2]=1:3 system, there remains small intense in both v, and v, bands. Hence, the
depressions in these two bands also correspond to the replacement of nitrate ions to the outer-sphere

but not all of them.
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Figure 6-16 IR spectra of acetonitrile solution with various [Ln]:[DOODAC2] (Ln = (a) La and (b) Lu)ratios
measured at room temperature.

64 Conclusion

The nitrate ions form pentakis species with Ln(IIl) ,i.e. [Ln(NO,)s]*, in the acetonitrile solutions
with both light and heavy Ln(IIl). The strengths of interaction of nitrate to Ln(IIl) are somehow
weaker than that of DGA but similar to DOODA derivatives.

The "N NMR spectra provide useful information even though they showed a fast exchange on the
NMR timescale. The number of nitrate ion coordinated to Ln(III) was calculated for each
complexation steps. For example, for [Ln]:[DGA]=1:3 system (Ln = La and Lu), it was revealed that
at least one nitrate ion exist in the inner-sphere of light Ln(III) complexes whereas all nitrate ions
replace to the outer-sphere in heavy Ln(IIl) complexes. These results were excellent accordance with
the results obtained in Chapters 2 and 3. Therefore, it is apparent that the nitrate ions in outer-sphere
coordination should be one of the responsible factors contributed to the stabilities of the complexes
(i.e. selectivity).

For [Ln]:[DOODAC2]=1:2 system, both light and heavy Ln(IIl) have at least one nitrate ion in its
structures. These results indicate that inner- and outer-sphere nitrate would exchange each other.
DOODAC?2 also exchange among 1:1, 1:2 complexes and free TEDGA. Although fast exchange
reactions are exist in the system, light Ln(III) are able to accommodate two DOODAC?2 molecules and
two nitrate in its ten-coordination structure, whereas heavy Ln(III) are not able to accommodate them.

As the result, differences in selectivity appears between light and heavy Ln(III).

110



Chapter 6 Effect of Nitrate Ion

References

1 Biinzli, J. C. G.; Milicic-Tang, A."Solvation and anion interaction in organic solvents", Handbook
on the Physics and Chemistry of Rare Earths, 1995, Vol. 21, Ch 145, pp. 305-365.

2 Rao, L.; Tian, G. "Complexation of lanthanides with nitrate at variable temperatures:
thermodynamics and coordination modes." InorganicCchemistry, 2009, 48, 964—70.

3 Duvail, M.; Ruas, A.; Venault, L.; Moisy, P.; Guilbaud, P. "Molecular dynamics studies of
concentrated binary aqueous solutions of lanthanide salts: structures and exchange
dynamics." Inorganic Chemistry, 2009, 49, 519-530.

4 Yaita, T.; Narita, H.; Suzuki, S.; Tachimori. S. "Structural study of lanthanides (III) in aqueous
nitrate and chloride solutions by EXAFS." Journal of Radioanalytical and Nuclear Chemistry, 1999,
239,371-375.

5 Dobler, M.; Guilbaud, P.; Dedieu, A.; Wipff, G. "Interaction of trivalent lanthanide cations with
nitrate anions: a quantum chemical investigation of monodentate/bidentate binding modes." New
Journal of Chemistry, 2001, 25.

6 H. Narita, T. Yaita, S. Tachimori, " Extraction Behavior for Trivalent Lanthanides with Amides and
EXAFS Study of Their Complexes." Proceedings of the International Solvent Extraction
Conference, ISEC'99, 2001, 693.

7 Hirata, M.; Guilbaud, P.; Dobler, M.; Tachimori, S. "Molecular Dynamics Simulations for the
Complexation of Ln’* and UO,™ Tons with Tridentate Ligand Diglycolamide (DGA)." Physical
Chemistry Chemical Physics, 2003, 5, 691-695.

8 Gannaz, B.; Antonio, M.; Chiarizia, R.; Hill, C.; Cote, G. "Structural study of trivalent lanthanide

and actinide complexes formed upon solvent extraction." Dalton Transactions, 2006, 38:
4553-4562.

9 Sastri VR, Biinzli J-C, Ramachandra R, Rayudu GVS, Perumareddi JR. "Modern Aspects of Rare
Earths and their Complexes." Elsevier: Amsterdam, 2003.

10 Biinzli, J.-C. G.; Vuckovic, M. M. "Solvation of neodymium (iii) perchlorate and nitrate in organic
solvents as determined by spectroscopic measurements." Inorganica chimica acta, 1984, 95, 105—
112.

11 Fratiello, A.; Kubo-Anderson, V.; Lee, R.; Patrick, M.; Perrigan, R.; Porras, T.; Sharma, S.; Stoll,
S. "Direct 'H, “C, and "N NMR Study of Lanthanum(IIl), Thulium(IIl), and Ytterbium(III)

Complex Formation with Nitrate and Isothiocyanate." Journal of Solution Chemistry, 2002, 31,
681-702.

12 Fratiello, A.; Kubo-Anderson, V.; Azimi, S.; Flores, T.; Marinez, E.; Matejka, D.; Perrigan, R.;
Vigil, M. "A hydrogen-1, nitrogen-15, and chlorine-35 NMR coordination study of Lu(ClO,); and
Lu(NOs;); in aqueous solvent mixtures." Journal of Solution Chemistry 1990,19, 811-829.

13 Kawasaki, T.; Okumura, S.; Sasaki, Y.; Ikeda, Y. "Crystal Structures of Ln(IIl) (Ln = La, Pr, Nd,
Sm, Eu, and Gd) Complexes with N,N,N’ ,N’-Tetraethyldiglycolamide Associated with Homoleptic
[Ln(NO;)4]*." Bulletin of the Chemical Society of Japan, 2014, 87, 294-300.

14 Curtis, N.; Curtis, Y. "Some Nitrato-Amine Nickel(II) Compounds with Monodentate and
Bidentate Nitrate Ions." Inorganic Chemistry, 1965, 4, 804-809.

15 Bullock, J. I. "Infrared spectra of some uranyl nitrate complexes." Journal of Inorganic and
Nuclear Chemistry 1967, 29.

111






Chapter 7

Summary



The molecular structures and complex formation of Ln(IIl) nitrates with DGA and DOODA
derivatives were studied in order to find the relationship between the molecular structures and the
selectivity of hard donor extractants by the systematical investigation throughout the Ln(III) series in
both solid and solution state. Based on my knowledge, it is important to evaluate the difference by

using Ln(III) elements as much as possible.

Chapter 1. As the background of this thesis, the potential importance of coordination chemistry of
these elements in the reprocessing of spent nuclear fuels process was described. The oxygen bearing
hard donor extractants are in interest because of less of knowledge of the factors for affecting

selectivity for Ln(III) and An(III). From this point, objective of this thesis was described.

Chapter 2. The Ln(IIl) nitrate complexes with TEDGA, [Ln(TEDGA);](NO3); (Ln = Tb-Lu) were

synthesized and characterized in crystallographically and also confirmed by IR spectra.

Chapter 3. The differences in complexations, stabilities and structures of Ln(III) nitrate complexes
with DGA in acetonitrile solutions were investigated by UV-vis and NMR spectroscopy. It was
reveled that the 1:1 and 1:3 metal to ligand ratio complexes were formed. There are significant
differences in stabilities and structures between the light and heavy Ln(IlI). The 1:3 complexes for

heavy Ln(III) are highly stable than that of light Ln(III) in the acetonitrile solutions.

Chapter 4. The Ln(III) nitrate complexes with DOODAC?2 were synthesized and characterized in
crystallographically. The complexes are classified into three groups. The first two light Ln(III) form
[Ln(DOODAC?2),(EtOH),][Ln(NOs)¢] (Ln = La—Ce) complexes, the next ten light to middle Ln(III)
form [Ln(DOODAC2)(NOs);] (Ln = Nd-Yb) complexes, and final one Ln(IIl), i.e. Lu, forms
[Lu(DOODAC2)(NO;),](NO;3) complex. The coordination modes of DOODA and nitrate ions were

confirmed by infrared spectroscopy.

Chapter 5. The differences in complexations, stabilities and structures of the Ln(IIl) complexes
with DOODAC?2 in acetonitrile solutions were examined by UV-vis and NMR spectroscopy. It was
reveled that the complexes with 1:1 and 1:2 metal to ligand ratio were formed. The isostructural series
of 1:1 complex were examined by LIS plots. There are small differences in stabilities and structures
between the light/middle and heavy Ln(IIl). The 1:2 complexes are relatively unstable especially for
heavy Ln(III).

Chapter 6. The effects of the existence of nitrate ion on complexation of DGA and DOODA were

investigated by UV-vis spectroscopy. According to the qualitative discussion of this result, the
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strength for interaction to Ln(IIl) ions are in the order of DGA > DOODA = nitrate ion. The number of
nitrate ion coordinated to the Ln(IIl) was calculated by the chemical shift variations of "N NMR
spectra. The number of coordinated nitrate ion strongly supported that the reaction schemes obtained
by UV-vis, 'H NMR and IR spectra, and successfully demonstrated the formation of inner- and

outer-sphere complexes with nitrate ions.

These results are in excellent agreement with the variations of distribution ratios (D) shown in the
solvent extraction. The relationship between the molecular structures and the selectivity of hard donor
extractants through the systematical investigation across the Ln(Ill) series have provided valuable
insight into both the coordination chemistry of Ln(Ill) and the knowledge of the fundamental

interaction properties between Ln(III) and hard donor extractants.
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Appendix A Crystallographic data and Crystal Structures of

Ln(III) nitrate complexes with TEDGA

Table 7-1 Crystallographic data of Ln(III)-TEDGA Complexes (Ln= Tb-Lu)

Tb Dy Ho Er Tm Yb Lu
Empirical CisHgoNoO  C3HgeNoO  C3HggNyO  C3HggNgO  C3¢HggpNyO  C3HggNgO  C3¢HggN,O
Formula »Tb »Dy »Ho »Er »Im »Yb »Lu

Formula weight 1150.01 1153.59 1156.02 1158.35 1160.02 1164.13 1166.06
Monoclini  Monoclini Monoclini  Monoclini  Monoclini  Monoclini  Monoclini

Crystal System
c c c c c c

Space Group Pn Pc Pn Pn Pn Pn Pn
al A 11.9118 21.2105 11.8816 11.8682 11.9632 11.7745 11.9193

“) (5) (®) “) (6) 5) “)
b/ A 12.3490 12.3768 12.3248 12.3032 12.1278 12.4181 12.1417

“) () (®) “) 5) 5) “)
o/ A 18.6553 22.7595 18.6184 18.6219 18.8529 18.6262 18.8173

(7 “) (13) (®) (10) @) @)
a/°

114.756
pre 94.454 (1) ) 94.630 (2) 94.593 (1) 94.704 (1) 93.876 (1) 94.702 (1)
Y/°
3 2735.88 5425.69 2710.38 2717.24 2714.09

Volume (A% (16) (18) 2717.6 (3) (17) 2726.1 (2) 19) (16)
Z ) 2 4 2 2 2 2 2
d/gcm 1.396 1412 1.413 1.419 1413 1.423 1.427
R'(I>2.000(I))  0.042 0.038 0.064 0.047 0.030 0.045 0.029
wR?(All data) 0.100 0.092 0.155 0.101 0.074 0.103 0.075
GOF 1.02 1.02 1.06 1.03 1.06 1.06 1.07

Max Shift/Error

All crystal structures are ellipsoids displayed at 30% probability, and hydrogen atoms are omitted
for clarity.

Figure 7-1 ORTEP representation of [Dy(TEDGA);](NO;); complex.
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Figure 7-4 ORTEP representation of [Tm(TEDGA);](NO;); complex.
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Figure 7-6 ORTEP representation of [Lu(TEDGA);](NO3); complex.
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Appendix

Crystallographic data and Crystal Structures of

Ln(IIT) nitrate complexes with DOODAC2

Table 7-2 Crystallographic data of Ln(III)-DOODA Complexes (Ln=La-Lu, except Pr and Pm)

La(Typel)  Ce(Typel) Nd(Type2) Sm(Type2) Eu(Type2) Gd(Type2) Tb(Type2)
Empirical CiHesNi O C3HCe,N - € HyNsO,  C \H;0 N C)H;0 N C,H300uN - C . HyNSO,
Formula sla, 10029 sNd sSm sEu sGd sTb
Formula weight 1322.74 1325.17 618.64 642.82 644.38 649.67 633.33
Crystal System  triclinic triclinic monoclinic  monoclinic  monoclinic  monoclinic  monoclinic
Space Group P-1 (#2) P-1 (#2) P2,/c (#14) P2//c (#14) P2,/c (#14) P2,/c (#14) P2,/c (#14)
alA 12.6343(6) 12.6652(6) 20.3299(5) 10.7596(4) 10.768(8) 10.7676(4)  10.7677(5)
b/A 14.7809(8)  14.7514(8)  7.7405(2) 16.4292(5) 16.316(13) 16.3145(5) 16.3603(7)
c/A 15.3798(7) 153541(7) 15.5067(4) 14.5764(5) 14.578(9) 14.5764(4)  14.5775(7)
a/° 75.393(14)  75451(2)
pre 77.014(12)  77.070(1) 103.550(7) )104'713(11 )104'350(18 104.250(8) 104.301(2)
Ve ;33.5101(14 83.583(2)
Volume (A%) 2703.4(2) 2701.5(3) )2372'28(1 ! )2492'21(15 2481.2(3) )2481 82(14 2488.4(2)
Z ) 2 2 4 4 4 4 4
d/gcm 1.625 1.629 1.732 1.713 1.725 1.739 1.690
R'(1>2.000(I))  0.0435 0.0589 0.0285 0.0434 0.0488 0.0549 0.0673
wR*(All data) 0.1068 0.1737 0.0604 0.0909 0.1216 0.1462 0.2098
GOF 1.088 1.082 1.050 1.044 1.111 1.14 1.084
Max Shift/Error  0.001 0.000 0.003 0.001 0.000 0.002 0.001
Dy(Type2) Ho(Type2) Er(Type2) Tm(Type2) Yb(Type2) Lu(Type3)

Empirical CisHyNsOj3 CyHyNsOyy CyHpNsOp3 CyHpNsOp3 CHpgNsOy; CpyHopgLuNg

Formula Dy Ho Er Tm Yb (O

Formula weight  636.90 657.35 641.66 643.34 647.44 665.37

.. .. .. .. .. orthorhombi

Crystal System  monoclinic monoclinic monoclinic monoclinic monoclinic c

Space Group P2,/c (#14) P2,/c (#14) P2,/a (#14) P2,/c (#14) P2,/c (#14) P2,2,2, (#19)

alA 20.2333(6) 10.7577(4) 14.9018(6) 20.4132(8) 20.097(2) 8.7557(2)

b/A 7.7323(2) 16.3383(6) 15.5877(5) 7.7419(3) 7.7566(5) 13.4955(3)

c/A 15.4305(5) 14.5259(5) 15.1497(5) 15.4694(7) 15.332(1) 21.4311(6)

pre 103.859(1) 104.159(1) 44.3547(7) 103.537(1) 104.060(1)

Volume (A%) 2343.8(2) 2475.5(2) 2460.16(15)  2376.8(2) 2318.4(3) 2532.4(1)

Z 4 4 4 4 4 4

d/gcm 1.805 1.764 1.732 1.798 1.855 1.745

R'(1>2.000(1)) 0.0187 0.0483 0.0209 0.029 0.088 0.0368

wR*(All data) 0.0485 0.1017 0.052 0.0586 0.205 0.0726

GOF 1.142 1.119 1.098 1.074 1.114 1.048

Max Shift/Error  0.002 0.002 0.002 0.002 0.000 0.003
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Figure 7-7 ORTEP representation of [Ce(DOODAC2),(MeOH),][Ce(NO;)q] complex. Ellipsoids are displayed
at 30% probability. Hydrogen atoms and solvent molecule are omitted for clarity.
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Figure 7-8 ORTEP representation of [Ce(DOODAC?2),(MeOH),][Ce(DOODAC2)(NO;);][Ce(NO;)s] complex.
Ellipsoids are displayed at 30% probability. Hydrogen atoms and solvent molecule are omitted for clarity.
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10)

Figure 7-9 ORTEP representation of [Nd(DOODAC?2)(NO;);] complex.E llipsoids are displayed at 30%
probability. Hydrogen atoms and solvent molecule are omitted for clarity.
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Figure 7-10 ORTEP representation of [Sm(DOODAC2)(NO;);] complex. Ellipsoids are displayed at 30%
probability. Hydrogen atoms and solvent molecule are omitted for clarity.

Figure 7-11 ORTEP representation of [GdA(DOODAC2)(NO;);] complex. Ellipsoids are displayed at 30%
probability. Hydrogen atoms and solvent molecule are omitted for clarity.
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Figure 7-12 ORTEP representation of [Tb(DOODAC2)(NO;),]. Ellipsoids are displayed at 30% probability.
Hydrogen atoms and solvent molecule are omitted for clarity.

Figure 7-13 ORTEP representation of [Dy(DOODAC2)(NO;);] complex. Ellipsoids are displayed at 30%
probability. Hydrogen atoms and solvent molecule are omitted for clarity.

©,10

Figure 7-14 ORTEP representation of [Ho(DOODAC2)(NO;);] complex. Ellipsoids are displayed at 30%
probability. Hydrogen atoms and solvent molecule are omitted for clarity.
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Figure 7-15 ORTEP representation of [Er(DOODAC2)(NO;);] complex. Ellipsoids are displayed at 30%
probability. Hydrogen atoms and solvent molecule are omitted for clarity.

Figure 7-16 ORTEP representation of [Tm(DOODAC2)(NO;);] complex. Ellipsoids are displayed at 30%
probability. Hydrogen atoms and solvent molecule are omitted for clarity.

Figure 7-17 ORTEP representation of [Yb(DOODAC2)(NO;);] complex. Ellipsoids are displayed at 30%
probability. Hydrogen atoms and solvent molecule are omitted for clarity.
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Appendix C NMR Spectra of [Ln]:[DOODAC2]=1:1 complexes

water

CDBCN
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Figure 7-18 '"H NMR spectrum of [Ce]:[DOODAC2]=1:1 acetonitrile-d; solution measured at 298 K.

H,0

CDCN [Pr]:[DOODAC2]=1:1
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Figure 7-19 '"H NMR spectrum of [Pr]:[DOODAC2]=1:1 acetonitrile-d; solution measured at 298 K.

[Nd]:[DOODAC2]=1:1 H,0
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Figure 7-20 '"H NMR spectrum of [Nd]:[DOODAC2]=1:1 acetonitrile-d; solution measured at 298 K.

[Sm]:[DOODAC,]=1:1
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Figure 7-21 '"H NMR spectrum of [Sm]:[DOODAC2]=1:1 acetonitrile-d; solution measured at 298 K.
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[Eu]:[DOODAC2]=1:1
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Figure 7-22 '"H NMR spectrum of [Eu]:[DOODAC2]=1:1 acetonitrile-d; solution measured at 298 K.
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Figure 7-23 '"H NMR spectrum of [Tb]:[DOODAC2]=1:1 acetonitrile-d; solution measured at 298 K.

[Dy]:[DOODAC,]=1:1
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Figure 7-24 '"H NMR spectrum of [Dy]:[DOODAC2]=1:1 acetonitrile-d; solution measured at 298 K.

[Ho]:[DOODAC2]=1:1
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Figure 7-25 '"H NMR spectrum of [Ho]:[DOODAC2]=1:1 acetonitrile-d; solution measured at 298 K.
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[Er):[DOODAC,]=1:1
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Figure 7-26 '"H NMR spectrum of [Er]:[DOODAC2]=1:1 acetonitrile-d; solution measured at 298 K.
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Figure 7-27 '"H NMR spectrum of [Tm]:[DOODAC?2]=1:1 acetonitrile-d; solution measured at 298 K.
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Figure 7-28 '"H NMR spectrum of [Yb]:[DOODAC2]=1:1 acetonitrile-d; solution measured at 298 K.
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Appendix D

Crystallographic parameters of °N enriched

Ln(III) nitrate complexes with TEDGA

Table 7-3 Crystallographic parameters of La and Lu of N enriched nitrate complexes with TEDGA

[La(TEDGA);][La(*’NO,),] [Lu(TEDGA);](*NO,); 4H,0

Empirical Formula C;¢H,,N,0,,La, C5¢HgNOp,Lu
Formula Weight 1382.84 1166.06
Crystal Color, Habit colorless, block colorless, block
Crystal System triclinic monoclinic
Space Group P-1 (#2) Pn (#7)

Lattice Parameters

Z

Dcalc /g cm™

F000

m(MoKa) /mm"
Reflections collected
Independent reflections
R1

a= 123123(3) A
b= 14.1643(3) A
c= 17.2608(4) A
a = 84.5024(7) °
B= 863477(8) °
y = 75.6231(8) °
2

1.583

1404

1.54

26098

12963 (Rint = 0.0229)
0.0363

a= 11.77193) A
b= 12.3563(4) A
c= 18.5414(5) A
B = 94.2462(7) °

2
1.299

1084

1.90

24449

11531 (Rjpt = 0.0294)
0.0385

wR2 (all data) 0.0971 0.0891
GOF 1.087 1.045
Ao 234/-123 0.98/-0.74
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