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Abstract: 

Luminescent lanthanide coordination complexes have attracted significant 

attention due to their unique optical properties. The poor absorption of a lanthanide 

ion can be resolved by so-called antenna effect and improve the intensity of its 

luminescence. Three bidentate chromophores: phosphate-pyridine chromophore, 

1,2-Hydroxy pyridone (1,2-HOPO) and 2-thenoyltrifluoroacetone (TTA), 

functioned as both chelator and sensitizer, their energy levels are well matched with 

the excited state energy levels of the Eu(III) and Sm(III). 

To get highly luminescent and stable lanthanide complex, we designed and 

synthesized various Eu(III) complexes with different backbones to compare 

different parameters that will affect the sensitizing efficiency of the chromophores, 

such as rigidity, geometry and coordination saturation. 

In chapter two we combined the phosphate-pyridine chromophore with the 

well-studied cyclen-based chelator to fulfil the requirement of high stability and 

brightness. We designed a nine-coordinate europium(III) complex as platform, 

through coupling reactions to realise fast screen of the chromophores energy 

transfer efficiency.  

Chapter three focuses on the structure modifications based on the 

chromophore of 1,2-HOPO, different chelators and backbones were compared, a 

europium complex EuL4 with the highest quantum yield with this chromophore 

was obtained and it could goes into cells and localized on lysosome very fast. 

Two-phonon in vitro imaging was done which showed its high potential 

bioapplications. 
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Chapter four focuses on the structure modification based on the chromophore 

of TTA. Different backbone directly determined the europium complexes 

saturation number and sensitization efficiency, therefore, their quantum yields.  
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Structural Modifications to Optimise Lanthanide 

Luminescence 

Chapter One 

Introduction to the Lanthanides and Their Photophysical Properties 

1.1 General Introduction to Lanthanides 

In the periodic table of elements, lanthanide elements comprise of a group of 

15 elements located at the 3rd group, 6th period ranging from lanthanum (atomic 

number 57) to lutetium (atomic number 71) (Figure 1.1). They are commonly listed 

at the bottom of the table, this matches well with the name of “lanthanide” which is 

from lanthanein in Greek, meaning “to escape notice”. They belong to the f-block 

elements because of the gradual filling of the last electron in f-orbitals of the 

antepenultimate shell (except lanthanum). The enlarged series, extended to 

scandium (Z = 21) and yttrium (Z = 39) tend to exist in the same ore deposits and 

have similar chemical properties as the lanthanides, and are called the rare earth 

series.1,2 

 

Figure 1.1 The periodic table of elements (The lanthanide series is highlighted at the bottom of the 

periodic table).2 



2 

 

1.2 Lanthanide Chemistry 

1.2.1 Oxidation States and Electronic Properties 

In the whole lanthanide series, +3 oxidation state is the most stable, they also 

show +2 and +4 oxidation states, such as Ce4+, Eu2+, Sm2+, Yb2+ and Tb4+ due to the 

presence of an empty, half-full or full 4f shell. But the ions with +2 oxidation states 

are easily oxidized while Tb4+ is easily reduced to the +3 state. The 4f orbitals are 

well shielded by the xenon core from the positive charge nucleus, they have a 

[Xe]4fn configuration (n = 0–14), and as shown in Table 1.1, the valence 4f orbitals 

are “inner orbitals”, they are shielded by the outer 5s and 5p sub-shells. This 

interaction is essential to describe the chemical and spectroscopic properties of the 

lanthanide ions. 

 

Table 1.1 Ground state valence electronic configurations of the lanthanide atoms and their ions. 

The Xenon core, [Xe], corresponds to 1s22s22p63s23p63d104s24p64d105s25p6.3 
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1.2.2 Ionic Radii and Coordination Properties 

The ionic radii of the elements in the lanthanide series decrease from cerium 

(atomic number 58) to lutetium (atomic number 71), this phenomenon, named as 

“lanthanide contraction”, happens when the 6s electrons are drawn towards the 

nucleus due to the poor shielding of nuclear charge by 4f electrons, it has been 

found the relativistic effects also contribute to about 10% of lanthanide 

contraction.4 But the ionic radii of lanthanide(III) ions also depends on the 

coordination number of the complexes, there is about 30 pm of difference 

between the ions with coordination number of 6 and 12, so lanthanide(III) ions 

adapt to many chelators and coordination environment. Table 1.2 shows the ionic 

radii of lanthanide(III) ions determined by different research groups in aqueous 

solution and the crystal ionic radii for 8 and 9-coordination. 

Ln(III) IRAng
a IRMar

b IRHey
c IR8

d IR9
d  

La(III) 1.250 1.14 1.17 1.16 1.216 

Ce(III) 1.220 1.16 1.13 1.143 1.196 

Pr(III) 1.200 1.15 1.14 1.126 1.179 

Nd(III) 1.175 1.08 1.14 1.109 1.163 

Sm(III) 1.140 1.06 1.13 1.079 1.132 

Eu(III) 1.120 1.06 1.08 1.066 1.120 

Gd(III) 1.105 1.00 1.01 1.053 1.107 

Tb(III) 1.090 1.01 1.00 1.040 1.095 

Dy(III) 1.075 0.98 1.00 1.027 1.083 

Ho(III) 1.055  0.99 1.015 1.072 

Er(III) 1.040 0.97 0.99 1.004 1.062 

Tm(III) 1.025 0.97 0.98 0.994 1.052 

Yb(III) 1.010  0.91 0.985 1.042 

Lu(III) 0.995 0.95 0.97 0.977 1.032 

 

Table 1.2 Ionic Radii (Å) of lanthanide(III) ions in aqueous solution and crystal state. (a. 

determined by D’Angelo,5 b. by Marcus,6 c. by Heyrovska,7 d. by Shannon, in 8 and 

9-coordination.8) 

 

Although with lanthanide contraction, the difference of ionic radius of La(III) 

to Lu(III) amounts to only 0.18 Å (both 8 and 9-coordination), so lanthanide(III) 

ions with very similar coordination properties. They possess weak stereochemical 
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preferences and a labile coordination sphere, which give variable coordination 

numbers and geometries. Ln(III) ions are hard Lewis acids due to their ionic nature, 

they favour hard bases resulting in a binding preference observed among the 

commonly used donor atoms in the order of O > N > S.9 The nature of bonding in 

complexes is considered to be electrostatic, so the coordination geometry of 

lanthanide complexes is mainly determined by steric factors other than the 

geometries of ligand fields. The steric factors of chelating molecules also determine 

the coordination number of the formed complexes. In solid state, coordination 

numbers between 3 (with bulky ligands such as bis(trimethylsilyl) amine) and 12 

(small bidentate ligands such as nitrate) exist, with 8 and 9 being the most 

common.10 The most common coordination geometries of the Ln(III) complexes 

are square antiprism, mono capped square antiprism, dodecahedral, tricapped 

trigonal prism, bicapped square antiprism and bicapped dodecahedral. In solution, 

the coordination numbers of Ln(III) complexes are more difficult to predict.11 In 

aqueous solutions, ligands containing moieties with negatively charged oxygen 

atoms as donor (such as carboxylate, sulfonate, phosphonate, and phosphinate) 

could effectively bind to the lanthanide ion to form complexes with considerable 

thermodynamic stability.12,13      When the number of chelating atoms in the 

ligand is not enough, or their electronic density is too low, the lanthanide ions tend 

to fill its coordination sphere with molecules of solvent or anions (such as water, 

methanol, chloride, fluoride, and hydroxide). In anhydrous media, ligands with 

nitrogen atoms (such as amine, pyridine, triazine) as donor can coordinate 

lanthanides more strongly, although they undergo partial hydrolysis even in the 

presence of trace amount of water.14  
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1.3 Lanthanide Luminescence  

One of the most important features of the lanthanide ions is the 

photoluminescence when the sample is irradiated with photons. Lanthanide ions 

emission covers a wide spectral range from ultraviolet (UV) to near-infrared (NIR) 

regions. For instance, Gd(III) emits UV light, and Tm(III) blue light, Tb(III) green 

light, Eu(III) red light and Sm(III) emits orange light, Nd(III), Er(III), and Yb(III) 

are well-known for their near-infrared luminescence, other lanthanide ions (Pr3+, 

Sm(III), Dy3+, Ho3+, and Tm3+) also show transitions in the near-infrared region.   

Excluding ytterbium and divalent europium, the emission spectra of lanthanide 

complexes are characterised by sharp emission bands, examples are shown in 

Figure 1.2, occurring at certain wavelengths virtually independent of their 

coordination environment and the energy of the emission peaks could be 

characterised by their electronic transitions. And luminescent lanthanide 

complexes are emerging as viable alternatives to existing organic dyes because they 

are not very sensitive to photobleaching, which is particularly frustrating in 

time-lapse microscopy for instance.15  

 

Figure 1.2 Representative emission spectra for Europium (left) and Terbium (right) complexes in 

aqueous media.13 

 

In addition, lanthanide luminescence has another two excellent advantages: 

large effective Stokes shifts and long luminescence lifetimes (typical emission 

lifetimes falling in the micro to millisecond range). The first feature makes it easily 
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to distinguish the light from emission of the light source (an example is shown in 

Figure 1.3)and the second feature facilitates the use of time-gated (also called 

time-resolved) detection methods, which incorporate a delay between the excitation 

pulse and the measurement of luminescence signals (Figure 1.4). 16  With the 

time-gated technique, the light source also could be excluded from the 

luminescence signals. Both features increase detection sensitivity and lower 

detection limits, by generating images that are devoid of shorter-lived background 

fluorescence with an improved signal-to-noise ratio. The combination of 

time-gated technique and lanthanide complexes conjugated with highly specific 

antibody have obtained great success in achieving detection limits to ng L-1 and 

broadened the linear range over four orders of magnitude.10 

 

Figure 1.3 A typical absorption spectrum (purple) and emission spectrum (red) of Eu(III) complex. 

(four 1,2-HOPO chromophores with cyclen backbone, normalised). 

 

 

Figure 1.4 Illustration of the principle of a time-gated detection method.13 
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The fascinating spectroscopic properties of the lanthanide ions also make 

them important for several other applications. The different sharp emission bands 

also make it possible to use bandpass filters to select the emission wavelength, it 

can be used to discriminate different lanthanide ions, for instance, the emission at 

545 nm corresponds to Tb(III) emission and at 615 nm corresponds to Eu(III), the 

intensities of emission at these two different wavelengths can be corrected to 

estimate their concentrations.  

1.3.1 Important Terms and Properties 

1) Energy Levels in the Lanthanide Ions 

Lanthanide ions show a distinct preference for the +3 oxidation state when in 

solution, as mentioned previously, with the energy expended in the removal of an 

f-electron being offset by additional stabilisation associated with interactions of the 

+3 ions.13 Noticeably, considering the valence electronic configurations of the 

lanthanide ions in this oxidation state, as shown in Table 1.1, the observation of 

luminescence from lanthanide ion complexes results from the occurrence of 4f-4f 

intraconfigurational transitions. In the lanthanide series, from La(III) to Lu(III), the 

4f–shell is filled with electrons from 0 to 14, while the 4f electrons are shielded by 

the outer 5s and 5p shells, with weak interaction with the chemical environment, 

and are thus not considered in the chemical bonding process. The most stable 

configurations are 4f0 (empty f-shell), 4f7 (half filled-f-shell) and 4f14 

(filled-f-shell). 

Each lanthanide ion has a large number of electronic energy levels due to the 

splitting of the 4fn electronic configurations, primarily as a result of spin-orbit 

coupling.17 These electronic energy levels can be represented in term symbols, 
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2S+1LJ, derived using the Russell-Saunders coupling scheme. Here, (2S+1) 

represents the multiplicity of the term, meanwhile L indicates the total orbital 

angular momentum quantum number and J is the total angular momentum quantum 

number.18 A partial energy level diagram for the lanthanide aqua ions is shown in 

Figure 1.5. The characteristic bands observed in lanthanide emission spectra can be 

attributed to transitions from the emissive state to the various electronic energy 

levels within the ground state manifold. 

 

Figure 1.5 Partial energy level diagram for the lanthanide aqua ions showing emissive levels in 

red.19 

 

2) The Antenna Effect  

The molar absorption coefficients (ε) of the f-f transitions in the lanthanide 

ions are very low, usually in the range 0.1–10 M−1cm−1 so that even if quantum 

yields (Φ) reach sizeable values, the overall brightness (L = ε × Φ) of 

Ln(III)-containing luminescent compounds remains small (typically lower than 10 

M−1cm−1) if samples are excited through the f–f transitions.20 However, this can be 

overcome by using the large absorption ability of the organic chromophores and 



9 

 

then transfer the excited energy to the lanthanide ions, a process termed the antenna 

effect (Figure 1.6 and Figure 1.7). 

 

Figure 1.6 An illustration of the 'antenna effect’, in which the incident excitation is first absorbed 

by an organic chromophore and then transferred to the metal.21 

 

 

Figure 1.7 Schematic representation of photophysical processes in Eu(III) complexes. 

Abbreviations: S0 = ground state, S1 = singlet state, T1 = triplet state.22 

 

The chromophores are always incorporated with chelating ligands or play as 

chelators themselves to coordinate lanthanide ions for better sensitization 

efficiency. Different kinds of organic ligands such as β-diketones, 23 , 24 

phosphate/phosphine, 25  polyaminopolycarboxylic acids, 26  pyridines 27  and 

calixarenes28 have been used to form highly luminescent complexes with suitable 

photophysical properties. Figure 1.8 shows some typical ligands with appropriate 

chromophores for lanthanide ions. 
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Figure 1.8 Ligands for the design of highly luminescent Ln(III) complexes.22 

 

3) Hypersensitivity 

Although the antenna effect can increase the absorption of a lanthanide ion 

and improve the intensity of its luminescence, there is still a problem with 

lanthanide luminescence in aqueous solutions, in which a vibrational energy 

transfer to the water molecule induces deactivation of the excited state of the 

lanthanide. The oscillator strength of certain transitions in Ln(III) complexes are 

especially sensitive to the structural details and the chemical nature of the 

coordination environment. These transitions are called hypersensitive transitions 

and the phenomenon is generally referred to as hypersensitivity. For the lanthanide 

series, these transitions are normally the most sensitive spectroscopic monitors of a 

changing ionic environment. Normally in an octadentate lanthanide complex, there 

are one or two molecules of water coordinated to the metal ion, whereas the 

luminescence of nonadentate lanthanide complexes is regarded as less affected in 

aqueous solutions.29 

4) Lifetime and Quantum Yield 

a. Lifetime 

Another important parameter is the luminescence lifetime. It is defined as the 

average time the molecule spends at the excited state before returning to the ground 
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state.30 The energy decay involves radiative and non-radiative processes (Figure 

1.9). 

 

Figure 1.9 Simplified scheme depicting the antenna effect, with associated photophysical 

parameters; right: rule of thumb for minimising vibrational quenching. Key: A =adsorption, E 

=emission, D=donor state.31 

 

The observed luminescence lifetime is the measured decay lifetime by a 

fluorescence spectrometer directly. It is a combination of both radiative and 

non-radiative decays, given by the equation: 

𝜏obs =
1

𝑘obs
 

Where kobs are the observed rate constant. However, the actual luminescence 

lifetime is the radiative decay without the non-radiative deactivation, sometimes 

termed as a natural lifetime. Its lifetime is given by the following equation:  

𝜏r =
1

𝑘r
 

Where kr is the rate of radiative deactivation. To determine τr, one can obtain it 

with the aid of the experimentally derived Judd-Ofelt intensity parameter. 
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b. Quantum Yield 

Quantum yield is for measuring the efficiency of the emission process after 

irradiating by photon in luminescence materials. It is a ratio of the number of 

emitted photon to the number of absorbed photons, as expressed by the following 

equation: 

Φ =
number of emitted photon

number of absorbed photon
 

The value is between 0 and 1. Since lanthanide luminescence always involves 

sensitization by organic chromophores, another expression is used: 

Φtot = 𝜂senΦLn 

Where Φtot is the overall luminescence quantum yield, ηsen is the efficiency of 

sensitization by the chromophore, and ΦLn is the intrinsic luminescence quantum 

yield. ΦLn also has another relation: 

ΦLn =
𝑘𝑟

𝑘𝑟 + 𝑘𝑛𝑟
 

Where knr is the rate constant for non-radiative deactivation. This relation 

indicates that the intrinsic luminescence quantum yield can tell how well the 

radiative processes compete with non-radiative processes. To acquire ΦLn, one can 

make use of the relation: 

ΦLn =
𝜏obs

𝜏r
 

Where τobs is measured experimentally and τr is obtained by Judd-Ofelt 

intensity parameter. So, the unsolved parameter remains Φtot and ηsen. However, it 

is very difficult to determine the absolute quantum yield with conventional 

spectrophotometers. However, the relative quantum yield can also be calculated: 

ΦX = (
𝐴R

𝐴X
) (

𝐸X

𝐸R
) (

𝑛X

𝑛R
)

2

ΦR 
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Where X indicates the sample, R indicates the reference, A is the absorbance at 

excitation, E is the area under the corrected emission curve and n is the refractive 

index of the solvent used. A reference with a known quantum yield is required; the 

commonly used standard for Eu(III) and Tb(III) complexes is quinine sulphate (Φ = 

0.577 in 0.1 M aqueous H2SO4, λex = 350 nm).32 

1.3.2 Energy Transfer Mechanism 

There are two common mechanisms for the lanthanide energy transfer from 

the excited state of the chromophore to the metal ions: Dexter (exchange energy) 

mechanism and Förster mechanism. The main difference between these two 

energy transfer is that the Dexter mechanism requires orbital overlap,33 while the 

Förster mechanism requires the overlap between the emission spectrum of energy 

donor and the absorption spectrum of the acceptor,34 As shown in Figure 1.10, 

the Dexter energy transfer is through a non-radiative process with electron 

exchange at the excited states. This process is highly distance dependent, the 

energy donor and acceptor require physical contact, so it is only efficient when at 

a very small distance (< 10 Å). The Förster mechanism is a through space 

interaction and involves the dipole-dipole interaction of excited energy donor with 

energy acceptor. Different from the Dexter mechanism, this process does not 

require orbital overlap and the distance between the energy donor and acceptor 

could be much longer.35 
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Figure 1.10 Schematic illustrations of Dexter energy transfer (top) and Förster resonance 

energy transfer (bottom).36 ‘D’ represents the energy donor, ‘A’ represents the energy 

acceptor and * represents excited state. 

 

1.3.3 Optimisation of Energy Transfer  

In order to design highly luminescent Ln(III) complexes, there are various 

parameters which need to be optimised upon the assumption that luminescence 

sensitization is achieved by the chemical environment into which the emissive ion 

is embedded in, either in inorganic or organic compounds. The prerequisite is to 

optimise the ligand–Ln(III) energy transfer process, in order to maximise the 

emission, originated from 4f–4f intraconfigurational transitions.37 Weissman first 

noticed the sensitization process in which the energy transfer took place from 

coordinated ligands to the central metal ion.38 The general pathway of energy 

transfer from organic chromophore to the lanthanide ion involves three steps: (i) 

strong absorption of excitation light by the organic ligand and electrons are excited 

from the ground singlet state (S0) to the excited singlet state (S1) of the ligand; (ii) 

S1 decays non-radiatively to the triplet state (T1) via intersystem crossing facilitated 

by heavy atom effect of Ln(III) and (iii) nonradiative energy transfer from T1 of the 

ligand to excited state(s) of the Ln(III) ion.39,40,41 In this process, the triplet states of 
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organic chromophores play a central role in energy transfer between organic 

ligands and Ln(III) ions (Figure 1.11 shows schematic energy level diagram for 

Eu(III) and Tb(III)), and vice versa, by either participating in the sensitization 

process, when the lowest energy triplet state, with 0-phonon energy, E0-0(T1) is 

located above the emitting state, or by quenching the metal-centred excited state 

when it lies below it. The few systematic works published so far have focused on 

the relationship between E0-0(T1) and the quantum yield of visible emitting Eu(III) 

and Tb(III) chelates. Their main findings are summarised below.36 

 

Figure 1.11 Schematic energy level diagram for Eu(III) and Tb(III).42 

 

If the ligand triplet state is the main donor state, it should lie at least 1500 cm−1 

above the emitting level to avoid too much back energy transfer and the ideal 

energy gap should lie between 2000 and 4000 cm−1. This is, however, a mere 

guideline and not a rule since the presence of charge-transfer states (ILCT, LMCT) 

can substantially change this picture (as shown in Figure 1.12). There are no such 

systematic studies for the other Ln(III) ions. Some of them have much more 
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complex electronic structures so that extrapolation of the above guidelines should 

be made with care. 

 

Figure 1.12 Schematic representation of the photophysical processes that can occur in the 

antenna sensitization of a lanthanide luminescence (S: singlet state, T: triplet state, Abs: 

absorption, ic: internal conversion, Fluo: fluorescence, Phospho: phosphorescence, isc: 

intersystem crossing, ILCT: IntraLigand Charge Transfer, MLCT: metal-to-ligand charge 

transfer).43 

 

In some cases, the direct energy transfer from the S1 singlet state to the excited 

Ln(III) levels is also observed. For example, the complex of a triazine chelate 

coordinate with Eu(III) and three 2-thenoyltrifluoroacetone (TTA) ligands, shown 

in Figure 1.13, as the measured lifetime of T1 state is determined to be 3.9 s, which 

is significantly longer than the lifetime of the 5D0 state of the Eu(III) metal centre 

(0.65 ms). Therefore the excitation energy transfer from the triplet state of the 

coordinated ligand to the emissive states of the Eu(III) ion (5D1 and 5D0), if any, 

would have a very low probability. The authors concluded that the sensitization of 

the Eu(III) emission in the complex proceeds through the singlet pathway, 

whereas the triplet pathway is essentially inactive.44 
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Figure 1.13 The complex structure and the energy level diagram showing the energy transfer 

from S1 to Eu(III).43 

 

1.3.4 Quenching, Nonradiative Decay of Lanthanide Ions 

In addition to mastering the various processes leading to electronic excitation 

of the lanthanide ions, one has to consider that the excited states of lanthanide ions 

do not decay solely by radiative processes, it is important to prevent excited states 

from deactivating via non-radiative processes such as deactivation by phonons. If 

the excited state and the next lower state energy gap is relatively small, 

luminescence will be in strong competition with the non-radiative decay of the 

excited state. The electronic excitation energy can be dissipated by vibrations of the 

matrix, by a process known as multiphonon relaxation.45 It can occur through 

coupling of the lanthanide energy levels with the vibrational modes in the direct 

surrounding of the lanthanide ion. The high-energy O-H vibrations are very 

efficient quenchers of lanthanide luminescence, therefore, water molecules are 

avoided from the first coordination sphere of the lanthanide complexes. Figure 

1.12 shows the vibrational quenching process of O-H because of the matching of 
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energy level of v (O-H) with 3 phonons, while the v (O-D) needs 5 phonons, so 

the quenching efficiency of O-H is much higher than O-D. 
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Figure 1.14 The vibrational quenching process of O-H and O-D. 

 

This requires the chelating ligand with sufficient coordination sides to avoid 

the solvent molecule coordination in the first coordination sphere of the 

lanthanide metal ion. To get a complex with q value as smaller as possible, 

normally a 9-coordination or 8-coordination when the steric hindrance is higher 

for Eu(III) complex is considered to achieve high quantum yields. Even though 

the quenching process in a Tb(III) complex is relatively lower, the q value also 

should be controlled within no more than one. Figure 1.15 shows some 

well-designed complexes in the literature with the complexes without solvent 

molecules coordinated. 
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Figure 1.15 Represented lanthanide complexes without solvent molecules 

coordinated.46,47,48,49,50 

 

To avoid quenching by charge-transfer states, the other possibility is to 

modify the metal ion coordination environment in such a way that the energy of 

the CT state is increased largely above the emissive state of the metal ion, which 

requires chemical modification of the ligand. 

 

1.4 Parameters for Luminescent Lanthanide Complexes as Probes for 

Bioapplications 

In designing efficient luminescent lanthanide complexes for bioapplication, 

some factors have to be considered in the choice of a ligand for chelating the 

lanthanide ion and the sensitising moiety. 



20 

 

1.4.1 Stability  

The overall stability of the complex is determined by the structure of the 

ligand that chelates to the lanthanide and the choice of ligand depending on the 

enthalpy and entropy effects (e.g. number, charge and basicity of coordinating 

groups, ligands field and conformational effect).51 In a biological medium, the 

complex has to compete with other chelating ligands such as protein and other 

endogenous anions. It is critically important that the ligand chelates coordinate to 

the lanthanide ion tightly to achieve thermodynamically and kinetically 

inertness.52 This is because the free lanthanide ions are relatively toxic in the 

human body, the tolerance is about 0.1 mmol kg-1 and they are known to be very 

similar to Ca2+ in biological processes. In general, the chelating ligand has a 

number of coordination sites which bind tightly to the metal ions. The structure 

and the number of coordination sites of the chelates depend on the metal ions. 

There are numbers of known macrocyclic chelates or ligands that are suitable for 

chelating lanthanide and paramagnetic ions. 

Macrocyclic polyamines have proven to be extremely valuable as scaffolds for 

incorporating metal ions. Among all reported ligands, tetraazacycloalkanes and 

especially cyclen (1,4,7,10-tetraazacyclododecane) and its derivatives are 

well-known to form very stable lanthanide complexes that are well suited to a wide 

range of biological applications.53 Additional of pendant arms which contain 

further donor groups such as carboxylate, phosphonate or amide groups, to the 

cyclen scaffold is common; they participate in binding to the metal centre, 

forming a cage-like ligand and hence increase the stability of the complex. 

Furthermore, the pendant arms act as a shield preventing intermolecular ligation 
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of chelating species or quenching effects of the solvent water molecules and result 

in better luminescence.54 

Studies have shown that complexes based on 1,4,7,10--

tetraazacyclododcane-1,4,7,10-tetraacetic acid (DOTA) or substituted DOTA 

scaffold possess high stability constants for lanthanide ions. Eu(III), Tb(III), Sm(III) 

and Gd(III) can efficiently fit in the cavity. There is a wide variety of possible 

substituent groups that can be used, including hydrogen, alkyl groups, sulphur 

moieties (ex. SO2, SO, -SH, -SR, (-RSR-), amine groups (-NH2R, -NHR2, -NR3), 

oxo groups, carboxylate groups, halogens, nitro groups (-NO2), imino groups, 

alcohol groups (-OH, -ROH), alkoxy groups (-OR), amide groups (-RCONH-, 

RCONR-), phosphorus moieties (-PO(OH)(R)2, -PO(OH)Me, -PO(OH)Ph), 

ethylene glycols (-(OCH2-CH2)n, ketones (-RCOR-), aldehydes (-RCOH), esters 

(-COOR) and ethers (-ROR-). 

 

Figure 1.16 Structures of cyclen and its derivatives. 
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1,4,7,10-tetraazazcyclododecane-1,4,7-triacetate (DO3A) is another common 

cyclen-based scaffold for lanthanide complexes which have three pendant arms 

participating in binding to the metal centre, while the 4th position is used to link to 

the chromophore. 

In recent years, some other cyclen-based scaffolds (such as DO2A, DO3AGA) 

for lanthanide complexes also have emerged as versatile conjugates. From the 

starting material of DO2A, the other two sides of amide could be conjugated with 

sensitising chromophore and bioactive substances, such as peptides and proteins. 

The carboxylates also could be changed to amide compounds, but the amide 

complexes are regarded to be not as stable as the carboxylic acid complexes. And 

the amide complex with -NH- groups would quench the energy that was 

transferred from the chromophore. So to get a stable lanthanide complex with 

high luminescence, the amide side arms should be avoided. But introducing the 

amide structure into a lanthanide complex sometimes is also useful because it's 

easy to conjugate another molecule with the chelate. On the other hand, the amide 

structure also could be used to adjust the net charge of the complex, so, if the 

molecule is still stable enough for biological application, the amides could be used 

to improve the cell permeability. 

1,4,7,10-tetraazacyclododecane-N,N’N”,N”’-tetraphosphorus (DOTP), 

1,4,7,10-tetraazacyclododecane-N,N’N”,N”’-tetraethylphosphorus (DOTEP) and 

their derivatives are also used as chelating ligands.55  In these chelators, the 

carboxyl group are changed to phosphate, they could be combined together in a 

cyclen compound, it should to be noted that the size of the phosphate groups 

could affect the coordination number of a lanthanide complex, in a Ln-DOTA 
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complex, the coordinate number is 9, but with a phosphate group, there is no 

space for the water molecule to coordinate.  

 

Figure 1.17 The structures of DOTP, DOTEP and their derivatives. 

 

Another common scaffold for complexes is diethylenetriaminepentaacetic 

(DTPA) or substituted DTPA and it also acts as a detoxification agent for 

lanthanide ions. DTPA has a high affinity for metal cation and is potentially an 

octadentate ligand. Figure 1.18 shows some very important chelators which are 

used for Gd(III)-based magnetic resonance imaging (MRI).56 

 

Figure 1.18 The structure of DTPA and its derivatives. 
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1.4.2 Chromophore 

Sensitizer-based luminescent lanthanide complexes for use in bioapplications 

require both high emission quantum yields () and large extinction coefficient ( 

at an excitation wavelength to give high brightness (B), where B = × To avoid 

high energy light irradiation to the cells, the wavelength of the light should be 

longer than 337 nm.57 Using sensitised emission, the incorporation of multiple 

chromophores into a polydentate ligand has been studied. The aromatic 

chromophores with chelating groups and/or steric hindrance could efficiently 

shield the lanthanide ions to eliminate vibrational deactivation by coordinated 

solvent.58,59 In aqueous media, it is still rare for a Eu(III) complex with 1:1 metal 

to ligand ratio with a brightness over 3000 M-1 cm-1. The balance between stability 

and brightness is determined by whether the coordination number of the Ln(III) is 

fulfilled by a hard donor or a chelating chromophore; therefore it is wise to 

incorporate strong donor atoms into the chromophore to achieve both 

simultaneously. Furthermore, to realise bioapplications, some bioactive substance 

such as peptide or peptoids could also be included. The structures shown in Figure 

1.19 are the typical design of multifunctional bio-probe.60 

 

Figure 1.19 The molecular structures of europium complexes-peptide conjugate. 
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1.4.2.1 Small Organic Molecules as Lanthanide Chromophores 

As mentioned before, to achieve efficient energy transfer, the triplet state of 

the chromophore should be well-matched with the lanthanide ions accepting states. 

And the chromophore should be combined with the chelating ligand in a suitable 

way since the distance between the chromophore and the metal ion also a key 

parameter that should be considered. To get a better energy transfer the distance 

should be close enough, and it is possible to introduce coordination sides on the 

chromophore to realise the metal ions coordination with the chromophore directly 

or even use the chromophore as a chelator itself. Some typical chromophores are 

shown in Figure 1.20. 

 

Figure 1.20 Examples of chromophores as lanthanide sensitizers.61,62 

 

1.4.2.2 Organic Dyes as Lanthanide Chromophores 

Commonly used organic dyes are also good candidates for lanthanide 

chromophores. Some of them have excellent photophysical properties and could be 

easily conjugated with lanthanide chelators. Some of these organic dyes show 

strong absorbing in the 450 – 550 nm, so they are mainly used to sensitise the NIR 



26 

 

emitters, such as Nd(III), Yb(III) and Er(III). As shown in Figure 1.21, the 

organic dyes are merged with DTPA or other chelating moieties, and because the 

extinction coefficient of these chromophores is very high, even with relatively 

low quantum yields, they still exhibit decent brightness for bioapplications.  

 

 
 

Figure 1.21 Using organic dyes as NIR lanthanide sensitizers.63,64,65 

 

1.4.2.3 Metal-Organic Complexes as Lanthanide Chromophores 

Except for the traditional light-harvesting organic antenna, it has been 

established to use the metal-organic chromophores as sensitizers for lanthanide 

complexes. This approach is more appealing for achieving highly efficient 

lanthanide luminescence, particularly for NIR emitting because this approach 

affords a series of advantages: Firstly, the metal-organic moiety often exhibits the 

absorption at the visible region, and the ligand absorptions are red-shifted by 

ILCT, MLCT or LLCT excited states, and these excited states could match the 

energy gap between metal-organic donors and lanthanide acceptors better, 

therefore improving the energy transfer. Secondly, metal-organic compounds 
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often have relatively higher triplet state quantum yields, as the heavy metal in 

metal-organic moieties promotes intersystem crossing (ISC). Thirdly, after 

absorbing the light energy to the singlet excite states, the energy of the heavy 

metal-organic chromophore will transfer to its triplet excited states, this long-lived 

triplet state benefits energy transfer to the lanthanide ions by allowing more time 

for the transfer to take place.66  

1) Aluminum-based metal-organic complexes as chromophores  

8-hydroxyquinoline compounds could complex with the aluminium(III) in 

the ratio of 3:1. After combining with lanthanide complexes, the Al(III) moiety 

could become a sensitizer for lanthanide ions. They normally exist in the form of 

homonuclear species. The energy transfer could be easily detected under UV lamp, 

as the emission spectra of the metals are at different bands. 

  

Figure 1.22 (a) Al–Ln (Ln = Nd, Yb, Er) heteronuclear complexes. (b) 

Al3Ln2 heteropentanuclear complexes [Al3(Mq)4(HMq)(μ3-OH)2(μ-OH)3{Ln(hfac)3}2]. (c) 

The emission spectra of Al(Mq)2(OC6H4CN-4) (cyan), Al3Eu2 (black), and 

Eu(hfac)3(H2O)2 (red), and luminescence images in dichloromethane under UV lamp at 

365 nm.67,68 

 

2) Chromium-based metal-organic complex as chromophores 

Since d-block metal-organic moieties usually exhibit intense absorption 

bands in the visible spectral region caused by charge transfer transitions between 
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metal ions and organic ligands, sensitised lanthanide luminescence can be 

achieved by low-energy visible light excitation into organometallic chromophores 

through effective d→f energy transfer, which is particularly useful for medical 

imaging and biological assay. Figure 1.23 shows a complex with two Cr(II) 

metals at two sides, and one Yb(III) ion in the middle, and the Yb(III) ion is 

well-shielded by aromatic rings, with its lifetime of emission up to 1.3 ms. Which 

is much longer than by traditional organic chromophore sensitization. 

  

 

Figure 1.23 Cr2Ln heterotrinuclear [Cr2LnL3](CF3SO3)9 (Ln = Nd, Er, Yb) complexes.69 

 

3) Ruthenium-based metal-organic complexes as chromophores 

Ru(II) complexes with ligands 1,10-phenanthroline (phen) and 

5-phenyl-1,10-phenanthroline (phphen) could form very stable complexes in a 1:3 

ratio (metal/ligand). They could conjugate with cyclen-based or DTPA-based 

lanthanide ions easily. As shown in Figure 1.24, cyclen-based complexes 

RuYb3 and RuNd3 exhibit NIR emission with high quantum yields in aqueous 

solutions (ΦYb = 0.073%, ΦNd = 0.040% in H2O at pH 7.4, and ΦYb = 0.23%, 

ΦNd = 0.10% in D2O). Upon excitation at the MLCT absorption region of the 

[Ru(phen)3] moiety with a visible light (447 nm), all three RuLn3 complexes 
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showed an enhanced sensitization efficiency. The luminescence of ruthenium 

complex 3MLCT is strongly quenched by Nd(III) and moderately quenched by 

Yb(III) following d→f energy transfer. Using the [Ru(phen)3] as a sensitizer is 

particularly effective for the population of the Nd(III) acceptor levels with a 

sensitization efficiency being higher than 90%.70 In the DTPA-base complex, the 

Eu-centered luminescence is severely quenched by the MLCT states of Ru(II) ion 

in [{Ru(bpy)2}2Eu{DTPA(phphen)2}(H2O)]Cl4 due to possible back energy 

transfer from Eu centre to Ru-based MLCT excited state. Interestingly, the 

corresponding Gd(III) counterpart [{Ru(bpy)2}2Gd{DTPA(ph-phen)2}(H2O)]Cl4 

acts as a potential probe for bifunctional imaging, in the combination of 

time-gated luminescence microscopy and gadolinium-based T1 contrast agent for 

MRI.71 

 

Figure 1.24 (a) Cyclen-based RuLn3 (Ln = Nd, Yb) heterotetranuclear complexes. (b) 

DTPA-based Ru2Eu complex [{Ru(bpy)2}2Eu{DTPA(phphen)2}(H2O)]Cl4. 
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4) Iridium-based metal-organic complexes as chromophores 

Similar to Ru(II) complexes, Ir(III) complexes also have broad emission 

bands because of their d-block nature, and their triplet states could also be 

controlled by the ligands. As most of the energy levels of these Ir(III)-based 

chromophores are around 13,000–18,000 cm−1, they are also used as sensitizers of 

NIR emitters (such as Nd(III), Yb(III)). As shown in Figure 1.25, efficient energy 

transfer was observed when the Ir(III) complex (left) served as a neutral ligand for 

Nd(III) ions in both solutions and films.72 By manipulating the triplet state, the 

Ir(III) complex could be used as sensitizer as well, the cyclen-based chelator is 

facilitated for the conjugation of these two complexes.73 

 
 

Figure 1.25 The complexes or Nd(III) and Yb(III) with Ir(III) complexes as chromophores. 

 

1.5 Two-photon Absorption of Lanthanide Complexes 

Lanthanide complexes exhibit long-lived luminescence, monochromaticity, 

high luminescent efficiency and other advantages over organic dyes, they have 

been widely used as photoluminescent materials and biomarkers. For the highly 

luminescent Eu(III) and Tb(III) complexes, however, the chromophores of these 

complexes are often excited in the UV region, which limits their applications 

seriously. In the past decades, the discovery of two-photon absorption materials 

and the application of two-photon fluorescence technology have attracted a great 



31 

 

deal of interest at both the theoretical and experimental levels. As the two-photon 

technology uses long-wavelength excitation, the excitation light is deeply 

penetrating, and exhibit low light damage, therefore two-photon technology has 

attractive application prospects in medical diagnosis and fluorescence microscopy. 

Two-photon sensitised lanthanide luminescence is of great research interest 

because it combines the advantages of two-photon absorption and rare earth 

luminescence, the prospects of theoretical research and practical applications are 

of great significance. The application of two-photon absorption in lanthanide 

complexes is regarded as one major method to overcome the UV excitation 

drawback.  

1.5.1 The Theory of Two-photon Absorption and Two-photon Excitation 

The two-photon excitation (TPE) concept is relative to the one-photon 

excitation (OPE). It is well known that in a single-photon excitation process, an 

electron is excited by a single high-energy photon excited in the ground state to a 

higher energy level excited state before returning to the ground state after a short 

relaxation, which may include the release of a lower energy photon as 

fluorescence. Single photon excitation generated by the fluorescence intensity and 

excitation intensity is proportional to the linear process. On the other hand, 

two-photon excitation is the absorption of two lower-energy photons (the 

wavelength is usually in the near infrared region) in a very short time while the 

fluorescent molecules propagate from the ground state to the excited state during 

intense light excitation. The energy of the photons is normally half of that 

required for single photon excitation, and the time interval between the sequential 

absorption of photons cannot be longer than 1 fs. One of the characteristics of 

two-photon absorption is that the two-photon transition probability is proportional 
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to the intensity of the emitted light, and the former is proportional to the square of 

the intensity of the excitation light. The intensity is also proportional to the square 

of the incident light intensity, therefore, the two-photon transition is a non-linear 

process.  

 

Figure 1.26 Jablonski diagrams of one-photon (a) and two-photon (b) excitation. 

 

The photon absorption intensity of the fluorescent molecules is expressed by 

the absorption cross-section (δ).74 Using the assumptions equivalent to those of the 

Lambert-Beer law for one-photon absorbance, the TPA can be calculated from this 

equation: 

δ =
ℎ𝑣

𝑁0
=  

103ℎ𝑣β

𝑁𝐴𝐶
 

where δ is typically reported in Goeppert-Mayer units (GM, 1 GM = 10-50 cm4 

s photons−1 molecule−1), N0 is the number density of absorption centers, NA is the 

Avogadro constant, C represents the solute molar concentration, and β is the value 

of the two-photon absorption coefficient, which is determined by fitting the 

experimental results with self-compiled programs. Generally, the single photon 

absorption cross-section is 1032 ~ 1033 GM, the optical density requirements are 



33 

 

small, so weak excitation light can also be absorbed; but two-photon absorption 

cross-section is generally 1 ~ 104 GM, the probability of occurrence of 

two-photon absorption in ordinary molecules is very small, and only the points at 

the focal point of the beam focus is efficient, so generally high-power excitation 

light is used. 

The TPA cross-section coupled with the luminescence quantum yield (Ф), 

named the TPA action cross-section, is another parameter for characterising TPA 

molecules commonly used in the past decade. But another parameter, figure of 

merit (FM) that take photostability into consideration is more often used to 

estimate the potential of a TPA luminescent probe, it is defined as: 

𝐹𝑀 =
𝛿Ф𝑓

Ф𝑑
 

 Ф𝑓 is the quantum yield of luminescence, Ф𝑑 is the photodecomposition 

quantum yield. 

 

1.5.2 Typical Two-photon Absorption Lanthanide Complexes 

The most extensive class of lanthanide compounds for two-photon 

absorption studies are those with dipolar push–pull chromophores.75,76,77 They 

involve an electron-donor and an electron-acceptor group connected with a 

π-electron conjugating linker. Theoretical and experimental work on 

structure–property relationships has led to the delineation of molecular engineering 

rules indicated by the hyperpolarizability (β), characterising the molecular 

nonlinear optical (NLO) efficiency. It is now well established that modulating the 

degree of ground-state polarisation, or the degree of charge separation in the ground 

state of these molecules can exert significant influence over their molecular 
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polarizability and hyperpolarizabilities.78 Charge separation in the ground state can 

be controlled primarily by either modifying the chemical structure, such as altering 

the strength of the donating and accepting substituents, or the extent of the 

π-conjugated path.  

 

Figure 1.27 Selected lanthanide-based chromophore or complex structures with two or 

multi-photon absorption properties.79,80,81,82,83,84 

 

1.6 Conclusion 

In summary, luminescent lanthanide complexes show many advantages over 

conventional organic dyes. As well as the improved sensitivity inherent in 

luminescence microscopy, time-resolution offers the potential for eliminating 

autofluorescence by gating out short-lived fluorescence emanating from biological 

chromophores. A variety of chelates and chromophores based on luminescent 

lanthanide complexes have been synthesised in recent years following the 

recognition of their potential as agents in bioassays and luminescent imaging. 

Macrocyclic polyamines have proven to be extremely valuable as scaffolds for 
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incorporating metal ions. Tetraazacycloalkanes, especially cyclen 

(1,4,7,10-tetraazacyclododecane) and its derivatives are well known to form very 

stable lanthanide complexes that are well suited to a wide range of biological 

applications. To improve the penetration and avoid damage by the short 

wavelength excitation, the chromophores with absorption at visible region and 

metal-organic complexes as lanthanide ions sensitizers have been established, 

while two-photon or multi-photon absorption complexes are attractive to 

overcome the short wavelength excitation. This gives them high potential to be 

used in bioapplications.  
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Chapter Two 

Synthesis of Europium Complexes with Phosphate-Pyridine Chromophores 

 

2.1 Outline and Direction of Work 

The goal of this project is to synthesise highly luminescent and stable 

lanthanide complexes for future use as an optical probe. Europium(III) was chosen 

for its characteristic and sensitive luminescent profile relative to the other 

lanthanides, and also due to its ideal emission in the visible region.  

To get a highly luminescent lanthanide complex, the chromophore should be 

with a large extinction coefficient at the suitable wavelength for light absorption 

and be able to transfer the excited energy to the lanthanide ions efficiently, while 

the chelating ligands must bind the metal ions tightly. As discussed in chapter one, 

the cavity of cyclen-base chelators especially DOTA and DO3A matches well 

with the ionic radii of lanthanide ions, they could form very stable lanthanide 

complexes for various kinds of applications. We found a group of very interesting 

chromophores which are merged with triazacyclononane ligands. As shown in 

Figure 2.1, the phosphate-pyridine chromophores were first published by Parker’s 

group in 2012, 85  there are three chromophores arranged around the 

triazacyclononane ring, and together with the triaza ring, they shielded the metal 

ion from the solvent molecules to avoid vibrational quenching. The conjugation of 

the chromophores then extended the maximum absorbance to ~ 350 nm.86 And 

the isomers formed from the rotation of the chromophores were isolated by chiral 

HPLC for circularly polarised luminescence (CPL) studies. They are very bright 

and stable and have been successfully used in bioapplications.87 
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Figure 2.1 The triazacyclononane-based phosphate-pyridine lanthanide complexes.88 

 

The chromophore could easily merge with DO3A compound (Figure 2.2) to 

form nine-coordinated complexes and the side of the resulting complex will be 

much smaller than its parent structures. More importantly, as DO3A-based 

lanthanide complexes are well known to have excellent water solubility and could 

be conjugated with other targeting molecules easily, we believe the combination 

of this phosphate-pyridine chromophore with DO3A chelator will become even 

better tags for bioapplications. 

 

Figure 2.2 The designed DO3A-based complexes with phosphate-pyridine chromophores. 
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2.2 Design and Synthesis of DO3A-based Phosphate-Pyridine Europium 

Complexes 

The substituent on the phosphate groups was methyl, phenyl and the phenyl 

group with the sulfo group at 3 or 4 positions. The complexes with phenyl group 

have poor water solubility, while the phenyl groups with sulfo groups are difficult 

to synthesize. So, we choose the methyl substituted phosphate group in our design. 

Then we also found that the chromophore with three methoxyl groups substituents 

(EuLMP), as shown in Figure 2.3, has the highest quantum yields (55%) in 

methanol, and the maximum absorbance at 360 nm (= 57000, in methanol).88 

 

Figure 2.3 The europium complex (EuLMP) with excellent photophysical properties 

reported,88 and the designed DO3A-based complex EuP1. 

 

 

2.2.1 Chromophore Synthetic Scheme 

The chromophore of the phosphate-pyridine compound was synthesised 

similar to literature procedures.87,88 As shown in Scheme 2.1, although the final 

compound does have a complicated structure, but as the pyridine compounds are 
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meta-position directing, there is a need to change it to pyridine N-oxides to be an 

ortho-para directing group. And the phosphate ester is neither stable in acidic 

conditions nor basic conditions, so it needs to be esterified after reacting under 

harsh reaction conditions. The isolated yield for two of the reaction steps was 

about 30%, but after optimisation, the yields were successfully increased to near 

80%. The modifications of both of these two reactions were through changing 

reaction reagents: in the reaction of phosphatization, after changing the 

oxygen-sensitivity catalyst of tetrakis(triphenylphosphine)palladium(0) 

(Pd(PPh3)4) to a more stable catalyst [1,1 ′

-bis(diphenylphosphino)ferrocene]dichloropalladium(II) (Pd(II)Cl2dppf), 

quantitative conversions were obtained, and the isolated yields were over 80%. 

The Boekelheide reaction also had a significant improvement after using the 

trifluoroacetate anhydrous other than the acetate anhydrous because the 

temperature could be decreased from 100°C to 40°C, and the intermediate 

trifluoroacetate ester could be easily deprotected, therefore reaching over 80% 

yield for two steps reaction. These optimisations allowed the synthesis of the 

chromophore to be scaled up easily. 
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Scheme 2.1 The synthetic scheme of the phosphate-pyridine chromophore. 

 

2.2.2 Synthesis of LnP1 Complexes 

The complex of LnP1 was synthesized from tBuDO3A which was reacted 

with excess of compound 11. As tBuDO3A was converted into product 15 

completely, all of the impurities are from compound 11 and its derivatives, the 

crude product can be purified by dissolving it into diluted acidic aqueous solution, 

using ethyl acetate to extract out the impurities, the resulting aqueous solution 

containing pure product 15 can be obtained very easily. It was deprotected and 

complexed with EuCl3.6H2O to get complex LnP1 (Ln = Eu(III), Tb(III) and 

Gd(III)). 
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Scheme 2.2 Synthetic scheme of complex LnP1. Ln represents Eu(III), Tb(III) and 

Gd(III). 

 

2.2.3 Photophysical Properties of LnP1 

The photophysical properties of the complexes were studied. Photophysical 

characterization such as emission, lifetimes and quantum yields were carried out in 

DMSO, methanol and water (deuterated where applicable) to determine the 

efficiency of sensitised emission and the inner sphere hydration number. 

The complexes of Eu(III) and Tb(III) allowed the determination of the number of 

coordinated water molecules. As mentioned in Chapter 1, the experimental excited 

state lifetimes are considerably shorter than the theoretical values estimated by the 

Einstein coefficient due to the quenching effect of OH, NH and O=CNH oscillators. 
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Eu(III) and Tb(III) generally have longer luminescence lifetimes than other 

lanthanide ions because they have few or no intermediate energy states between the 

lowest luminescent level and the ground state, with longer lifetimes in the 

milliseconds. In general, Eu(III) and Tb(III) will give a higher luminescence in 

D2O than in H2O, because the OH oscillators are at least 200 times more effective 

than those of the OD oscillators at vibronic quenching. Hence, by measuring the 

difference in lifetimes of the Eu(III) or Tb(III) complexes in D2O and H2O, the 

number of coordinated water molecules (q value) can be estimated.88,89 

2.2.3.1 Absorption Properties 
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Figure 2.4 Absorption spectra of EuP1 water, MeOH and DMSO. 
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2.2.3.2 Excitation and Emission Properties 
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Figure 2.5 Normalized excitation spectra of complex EuP1 in different solvents. 
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Figure 2.6 Emission spectra of complex EuP1 in different solvents. 
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2.2.3.3 Lifetimes (Emission Decay)  
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Figure 2.7 Luminescence lifetime decay curves of EuP1 in H2O. 
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Figure 2.8 Luminescence lifetime decay curves of EuP1 in D2O. 
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2.2.3.4 Summary of Photophysical Properties 

Table 2.1 Photophysical properties of EuP1. 
Comlex abs(max) τH2O 

(ms) 

τD2O 

(ms) 

qH2O
a qH2O

b ΦH2O
 ΦHEPES ΦDMSO Eu

Eu(H2O) sens(H2O) 

EuP1 353 nm 1.0 1.4 0.1 0.0 7.6% 6.9% 47.0% 23.6% 32.3% 

a Parker’s equation, bHorrock’s equation. 

Parker’s equation [q±0.5]: 

qH2O
Eu(III) = A[1/τH2O)-(1/τD2O)-0.25-0.075nNH]; 

Horrock’s (modified) equation:  

qH2O
Eu(III) = 1.11[(1/τH2O)-(1/τD2O)-0.31+0.45nOH+0.99nNH+0.075nO=CNH]. 

b qmeOH = A(1/τMeOH – 1/τMeOD – a) 

• A = 8.4, 2.4, 0.05 ms for Tb(III), Eu(III) and Sm(III) 

• a = 0.125 

• If q > 1;  

• A = 2.2 ms for Eu(III) 

• a = 0.15 

Other notes:  

Quantum yield (Φ) were relative to quinine sulfate in 0.1 M H2SO4 (exc = 350 nm, = 0.577). 

Estimated errors are ± 15%. 

HEPES buffer: 0.1 M HEPES buffer, pH 7.4. 

Lifetimes: Measuring the 5D0  7F2 transition. Estimated errors are ± 10%. 

 

As expected for the nine-coordinate complex, the q values of EuP1 

calculated both by Parker’s and Horrock’s equations are 0. The quantum yield in 

DMSO (47.0%) is significantly high among the europium complexes in solution 

states and consistent with the complexes with the same chromophore in the 

backbone of triazacyclononane (55% in methanol). However, quantum yields of 

EuP1 in aqueous solutions are much lower than in DMSO (7.6% and 6.9% in 

water and hepes buffer respectively). We also noticed that the maximum values of 
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absorption and excitation in aqueous solutions has a small red-shift than in DMSO. 

This might indicate the solvatochromism changes the sensitization efficiency in 

different solvent systems.  

 

2.2.3.5 Low-Temperature Studies of GdP1 

The f-f states of Gd(III) are located at exceptionally high energies owing to the 

extreme stability of its half-filled f-shell (f7). The lowest-energy f-f transition 

appears as an emission line at 312 nm.  Because the heavy atom effect, Gd(III) 

induces a high population of the triplet state. So, Gd(III) complexes are often used 

to probe the triplet states of the chromophore at 77 K as energy transfer to Gd(III) 

is restricted, intersystem crossing is promoted and reverse intersystem crossing is 

inhibited by low temperature..90 In our GdP1 complex, we found the emission at 

low temperature has a blue shift compared to the emission at room temperature, 

indicating the loss of energy at higher temperature (room temperature), most 

likely due to thermally promoted vibrational energy loss Conversely, if 

phosphorescence from the triplet excited state is to be observed, a red shift should 

be observed, so this emission peak at 405 nm was characterised as a non-triplet 

charge transfer (CT) excitation band.  
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Figure 2.9 Emission spectra of GdP1 at room temperature and low temperature. 

 

 

2.2.4 Stability Studies for LnP1 

To estimate the stability of the complexes if LnP1, batch titration was 

performed using the complex of EuP1, to the solutions of complexes in 0.1 M 

HEPES buffer (concentrations 2.26 M), pH 7.4, 0 - 1000 equivalents of 

competitive ligand diethylenetriaminepentaacetic acid (DTPA) were added and 

after shaking at room temperature for 7 days, the emission spectra were compared 

with the complex in the absence of DTPA and stored in 4°C fridge (exc = 350 nm, 

slits: 1–1 nm, filter = 375 nm). As shown in Figure 2.10, there is no difference 

between the emission spectra of the complexes with and without of DTPA. This 

indicated the complexes are very stable for biological applications because the 

Gd-DTPA complex is one of the several gadolinium complexes that were 

approved by FDA as MRI contrast agents and the stability of GdP1 is better as 

results suggest. 
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Figure 2.10 Emission spectra of complex EuP1 upon DTPA batch titration. 

 

2.2.5 Discussion for the Photophysical Properties 

As introduced before, the chromophore of the phosphate-pyridine used has a 

very high quantum yield in methanol when incorporated with a backbone of 

triazacyclononane (55%). And the quantum yield of our EuP1 also has a very 

high quantum yield (47%) in DMSO. As both two complexes are 

nine-coordinated and free from solvent molecule coordination, the inner-sphere 

quenching should not be as such significant as the measured results in aqueous 

solutions with quantum yields below 8%. After analysing the low-temperature 

emission of GdP1, we understood the energy transfer is through a charge transfer 

(CT) state. Generally, the non-triplet energy transfer is affected significant by the 

polarity of the solvent system, this is caused by differential solvation of the ground 

state and excited state of the chromophore.91 Solvatochromism could be benefitial 

or harmful to a lanthanide complex energy transfer, depending on the energy gap 

and the polarity of the ground and excited states of the chromophore. As shown in 

Figure 2.4, the complex EuP1 is red-shifted in a polar solvent (aqueous solution 
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comparing to DMSO), this positive solvatochromism is regarded to lower down 

the energy of its excited state, therefore decreasing the energy transfer efficiency 

to the metal ions, and increasing back energy transfer. This is also consistent with 

the discovery of non-triplet sensitization pathway as a more efficient way of 

populating the excited states of Eu(III) in non-polar solvents.92 

 

Figure 2.11 The negative and positive solvatochromism in a polar solvent. 

 

2.3 Chromophore Structure Modification 

Based on the studies described above, we conclude that the complex of EuP1 

is very stable and no solvent molecules are coordinated to the first coordination 

sphere of the metal ions. But the quantum yields in aqueous solutions is still 

below 10%, this is still very low compared to organic dyes with high extinction 

coefficients and quantum yields. There is still a large room for improvement. To 

get even brighter complexes in aqueous solutions, the aromatic ring at the top of 

the chromophore could be modified to tune the energy level of the chromophore. 

The conventional ways for modifications are to modify the ligands of the complex. 

However, as the modification using the Sonogashira or Suzuki reaction on the 

ligands are still a few steps away from obtaining the final complex, and because 

the bromide substrate itself requires long synthetic routes a bromide complex was 
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made first, and the bromo group could be used for a fast screening of the 

chromophores by performing coupling reactions. The aromatic part to be coupled 

to the bromo group could be synthesised through just one step reactions; in this 

way, a lot of time and starting material is saved.  

 

Scheme 2.3 Multi-step reactions screening of chromophores. 

 

 
 

Scheme 2.4 One step reaction screening of chromophores. 
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2.3.1 Photophysical Properties of EuP2 - EuP7 

The complexes of EuP2 to EuP6 were synthesised through Sonogashira 

coupling reactions with different ethynyl compounds, while the complex of EuP7 

was synthesised through Suzuki reaction of EuBR with phenylboronic acid. The 

reaction processes were monitored by RP-PLC, and the luminescence intensities 

of the formed complexes could be easily detected under the UV lamp irradiation 

(365 nm).  

2.3.1.1 Absorption, Excitation and Emission Spectra of EuP2 - EuP7 

As the designed complexes are aimed for utilization in bioapplications, the photophysical 

measurements were done in water. Compared to EuP1, the absorption spectra of all these 

complexes have blue-shifted a lot, with the maximum absorbance below 320 nm for EuP2, 

EuP3, EuP4, EuP5 and EuP7, only EuP6 has with relative longer maximum absorbance at 

335 nm. These short wavelengths are very harmful when used for excitation and the low 

penetrating depth will limit their future bioapplications All these complexes have a very 

similar emission profile, this indicates their coordination geometries are almost the same and 

neither the Sonogashira nor the Suzuki reaction undermined the structure of the bromide 

complex.  
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Figure 2.12 Normalized absorption, excitation and emission spectra of EuP2 in water. 
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Figure 2.13 Normalized absorption, excitation and emission spectra of EuP3 in water. 
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Figure 2.14 Normalized absorption, excitation and emission spectra of EuP4 in water. 
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Figure 2.15 Normalized absorption, excitation and emission spectra of EuP5 in water. 
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Figure 2.16 Normalized absorption, excitation and emission spectra of EuP6 in water. 
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Figure 2.17 Normalized absorption, excitation and emission spectra of EuP7 in water. 

 

2.3.1.2 Lifetimes (Emission Decay) 

0 5000000 10000000 15000000 20000000

0

2000

4000

6000

8000

10000

Equation y = A1*exp(-x/t1) + y0

Adj. R-Squa 0.99969

Value Standard Er

 y0 1.70239 1.45852

 A1 11334.357
38

13.35448

 t1 1.17006E6 1856.82231

 
Figure 2.18 Luminescence lifetime decay curves of EuP3 in H2O. 
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Figure 2.19 Luminescence lifetime decay curves of EuP3 in D2O. 
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Figure 2.20 Luminescence lifetime decay curves of EuP4 in H2O. 
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Figure 2.21 Luminescence lifetime decay curves of EuP4 in D2O. 
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Figure 2.22 Luminescence lifetime decay curves of EuP5 in H2O. 
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Figure 2.23 Luminescence lifetime decay curves of EuP5 in D2O. 
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Figure 2.24 Luminescence lifetime decay curves of EuP6 in H2O. 
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Figure 2.25 Luminescence lifetime decay curves of EuP6 in D2O. 
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Figure 2.26 Luminescence lifetime decay curves of EuP7 in H2O. 
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Figure 2.27 Luminescence lifetime decay curves of EuP7 in D2O. 

 

 

 

 

2.3.1.3 Summary of Photophysical Properties of EuP2 - EuP7 

Table 2.2 Photophysical properties of EuP2 - EuP7. 

 
Comle

x 
abs(max

) 

τHEPE

S (ms) 

τH2

O 

(ms) 

τD2

O 

(ms) 

qH2O
a 

qH2O
b 

ΦHEPE

S
 

Eu
Eu(H2O

) 

sens(H2O

) 

EuP2c 303 nm - 1.3 - - - - - - 

EuP3c 308 nm 1.2 1.2 2.0 0.1 0.0 19.5% 25.9% 75.1% 

EuP4d 300 nm 1.3 1.3 2.0 0.0 0.0 24.3% 28.7% 84.9% 

EuP5d 321 nm 1.3 1.2 2.0 0.1 0.0 19.8% 29.9% 66.0% 

EuP6c 335 nm 0.6 0.6 0.8 0.3 0.2 7.3% 13.3% 54.5% 

EuP7c 306 nm 1.3 1.3 2.0 0.1 0.0 18.1% 27.8% 65.2% 

 
a Parker’s equation; b Horrock’s equation; 

c 
exc = 350 nm, quinine sulfate in 0.1 M H2SO4 (Φ = 0.577) as the standard; 

d 
exc = 310 nm, quinine sulfate in 0.1 M H2SO4 (Φ = 0.53) as the standard.

93
 

 

From the Table 2.2, the highest quantum yield was observed for complex EuP4 at 

24.3% in HEPES buffer, and the sensitization efficiency is also very high as well 
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(84.9%), but this data was collected at the excitation wavelength of 310 nm. For 

EuP6, the maximum absorbance is at 335 nm, and the quantum yield is lowest at 

7.3%. It is also interesting that the other complexes have long lifetimes (> 1ms) 

and their q values are near 0. But a much shorter lifetime in H2O, HEPES and D2O were 

observed for EuP6 despite having a q value ~ 0.3; this could be explained by its low 

intrinsic quantum yield of 13.3%. 

 

2.3.2 Summary of the Chromophore Modification 

The chromophore modifications were done by one step reaction screening are 

with high efficiency. But after modification, the obtained complexes have either 

low quantum yields or high energy absorption. The results showed that the 

complex EuP1 is still the only practucak candidate for future bioapplication, even 

though it has a low quantum yield. 
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Chapter Three 

Synthesis of Cyclen-based Lanthanide Complexes with 1,2-HOPO  

3.1 Introduction to the 1,2-HOPO 

There are some lanthanide chelators that not only act as chelating ligands but 

also as chromophores that could transfer energy to lanthanide ions for 

luminescence, such as bipyridyl-functionised macrocycles, 94  helicates, 95 

podands, 96  crypates51 and calixarenes. 97  These chromophores are highly 

advantageous as they shorten the distance between chromophore and lanthanide 

ions to enhance the efficiency of energy transfer. A series of this kind of chelates 

with relative good stabilities and excellent antenna effect have been under the 

spotlight recently. They are derived from the complexes with naturally occurring 

ligands - siderophores, they are selective and has a high-affinity towards iron. The 

binding units as shown in Figure 3.1.  

 

Figure 3.1 Generic structures of the chelating subunits found in siderophores.98 
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These subunits have also been widely used as lanthanide and actinide 

chelating ligands.99, 99  These binding units could be easily conjugated with 

various kinds of backbones via amide or ester linkage. The formed multidentate 

chelators could form stable metal complexes for bioapplications, such as MRI 

contrast agents and radiometal chelators as well as sequestering agents for 

plutonium and other actinides.100,101,102 The ligands of 1-hydroxypyridin-2-one 

(1,2-HOPO) and 2-hydroxyisophthalamide (IAM) could be used as chromophores 

for luminescent lanthanide complexes (as shown in Figure 3.2). The tetradentate 

ligands of a - e could coordinate to europium ions in the form of an ML2 complex, 

whereas the octadentate ligands of f and g could form ML complexes.  

 

 

Figure 3.2 Chemical structures of ligands using 1,2-HOPO and IAM chromophores.103,104,105 
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These two organic chelates (1,2-HOPO and IAM) are both anionic and rich in 

oxygen donors to satisfy the oxyphilic Ln(III) cations, and serve a secondary 

purpose of acting as a light-harvesting antenna. The generic group on the amide can 

be a variety of different ligand backbones such as alkyl or aryl amines chosen to 

control both the denticity of the ligand and also the geometry at the metal centre for 

the ensuing Ln(III) complex. Both tetradentate and octadentate ligand topologies 

have been explored using both chromophores.101 The 2-hydroxyisophthalamide 

(IAM)-based ligands could efficiently sensitize102 Tb(III) (Φ = 61%), Eu(III) (6%), 

Dy3+ (3%), and Sm(III) (1%) while 1-hydroxypyridin-2-one (1,2-HOPO)-based 

ligands are more efficient for sensitizing Eu(III) (Φ = 21.5%).101  

Chiral complexes of 1,2-HOPO and IAM chromophores also have been studied 

for circularly polarised luminescent (CPL) studies. 106 , 107  CPL spectroscopy 

measures the difference between the left- and right-handed circularly polarised 

light emission. Through CPL, we could study the chirality of a compound from its 

excited state. 

 

Figure 3.3 Chiral complexes for CPL applications.107,108 

 

To improve the stability, the IAM chromophore chelate has been modified to a 

macrotricyclic ligand (Figure 3.4) using a bicapped H(2,2) ligand topology. As a 

result, these macrotricyclic complexes retain their exceptional stability and 
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extremely bright photophysical properties under a large variety of solution 

conditions at nanomolar concentrations and even in the presence of strongly 

competitive anions and cations, making these complexes useful under biologically 

relevant homogeneous assay conditions.108 

 

Figure 3.4 The structure of IAM chromophore bicapped H(2,2) ligand. 

 

3.2 Outline and Direction of Work 

To get highly luminescent and stable europium complexes, as described in 

chapter one and two, the design could be based on the chromophore and chelating 

ligands. As the phosphate-pyridine chromophore of we studied in chapter two has 

not had enough efficiency for future bioapplications, we narrowed our choice of 

chromophores to a selective class of compounds and focused on chromophores that 

functioned as both a chelator and a sensitizer. Our interest was then refined down to 

two bidentate chromophores that have been well reported in the literature, 

1,2-Hydroxy pyridone (1,2-HOPO). The energy levels of the chromophores of 

1,2-HOPO are well matched with the excited state energy levels of the Eu(III) and 

Sm(III), which is shown in the literature.73,109 

As discussed in Chapter 1, cyclen-based lanthanide complexes are very stable 

for bioapplications. Even though the IAM chromophore was successfully designed 
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to form bicapped H(2,2) complex with improved stability, this chromophore is 

more favourable in sensitizing terbium(III), the more efficient antenna for 

europium(III), 1,2-HOPO, only has one carboxylate and cannot form the cage-like 

complex. So, we are trying to merge this chromophore with cyclen chelators to 

achieve more efficient europium energy transfer and increased stability. 

The work described in this chapter will describe the following studies: 

1) Synthesis of cyclen-based lanthanide complexes 

2) Photophysical properties studies 

3) In vitro cellular imaging studies 

 

3.3 Synthesis of Ln-DO3A-1,2-HOPO Complexes 

Similar to the complexes of phosphate-pyridine DO3A complexes described 

in Chapter two, one 1,2-HOPO chromophore was introduced on one side of DO3A 

compound, this should form a thermodynamic, kinetically stable and water soluble 

compound.110 A series of mono 1,2-HOPO-cyclen complexes have been designed. 

The designed structures of lanthanide complexes are shown in Figure 3.5.  

 

Figure 3.5 The designed structures of lanthanide complexes, Ln represents Eu(III), Tb(III) and 

Gd(III). 

 

As the designed complexes are based on biosystems, besides stability, there is 

another problem with lanthanide luminescence in aqueous solutions, in which the 
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vibrational energy transfer to the water molecule induces deactivation of the 

excited state of the lanthanide. Normally in an octadentate lanthanide complex, 

there is usually one or two water molecules coordinated to the metal ion,111 

whereas the luminescence of nonadentate lanthanide complexes is regarded as less 

affected by aqueous solutions. For the designed complex LnL1, 1,2-HOPO was 

conjugated with DO3A directly, as the nitrogen of amide may not coordinate with 

the metal ion, and the structure’s flexibility also prohibited the coordination of 

metal with the oxygen of ketone, hence forming a heptadentate or octadentate 

complex. It is hypothesised that there will be at least one molecule of water 

coordinated to the metal ion directly, therefore the excited states of Eu(III) would 

be quenched by it; lifetime measurements are necessary to confirm this. For LnL2, 

the connection of 1,2-HOPO and cyclen moiety is similar to the LnL1, the only 

difference is the change of DO3A moiety to a moiety with two extra dentate 

structure, this is designed to form nonadentate or even octadentate complexes and 

eliminate coordinated water molecuels. For LnL3, the chromophore was linked 

with DO3A by two carbons, this flexible linker was designed to allow the two 

coordinate points of 1,2-HOPO coordinate with metal ions, thus not changing the 

coordination from its parent structures of octadentate H(2,2) ligand.105 

3.3.1 Chromophore Synthetic Scheme 

The chromophore of 1,2-HOPO was synthesised similar to literature 

procedures.109 As shown in Scheme 3.1, from the starting material of 

6-hydroxypicolinic acid, the nitrogen atom of the pyridine was oxidised by 

ethaneperoxoic acid to form compound 16, which was rearranged to form 

compound 17. Then the hydroxy group was protected by benzyl chloride in the 

presence of potassium carbonate, and the formed carboxylic compound 18 was 
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used to conjugate with cyclen derivatives of DO3A or DO3AGA by condensation 

reaction or changed to an active chloride compound 19, which could react with 

amino groups easily and rapidly. 

 

Scheme 3.1 The synthetic route of the 1,2-HOPO chromophore. 

 

3.3.2 Ligand and Complex Synthetic Scheme 

In seeking a suitable lanthanide complex as a sensitising probe, a few 

acrocyclic ligands were synthesised incorporating carboxylate pendant arms. To 

measure the triplet state (T1) of the chromophore in these ligands, Gd(III) 

complexes were synthesised as well. 

3.3.2.1 The Synthesis of LnL1 

Selective N-substitution of 1,4,7,10-tetraazacyclododecane (cyclen) at 

1,4,7-positions was achieved following established literature procedures using 

tert-butyl bromoacetate.112 The formed product (tBuDO3A, 20) was conjugated 

with protected 1,2-HOPO chloride and formed the main scaffold of L1, the fully 

protected product was deprotected by the mixture acids of concentrated 

hydrochloric acid and acetic acid (1:1) at room temperature for 3 days; after 

concentration and recrystallization by acetone and diethyl ether, this resulted in the 

pure ligand L1. It was then complexed with lanthanide ions Eu(III), Tb(III) and 
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Gd(III) at neutral conditions (Scheme 3.2). 

 

Scheme 3.2 Synthetic routes of complexes LnL1, Ln represents Eu(III), Tb(III) and Gd(III). 

 

3.3.2.2 Synthesis of LnL2 

The structure of L2 is similar to L1, however, the structure of ligand L2 

contains two sides with acetate groups at the para position of cyclen, but the third 

position of nitrogen has a different substituted group, so the synthetic strategy also 

changes drastically.  

Firstly, the cyclen derivative of compound 29 was synthesised according to 

Scheme 3.3. The first three steps reactions were similar to the literature reported 

procedure. Started from material of cyclen, which was selectively disubstituted by 

controlling the reaction pH value between 2.5 ~ 3.0 and slow addition of benzyl 

carbonochloridate. The resulted para deprotected product 24 was reacted with 

tertbutyl 2-bromoacetate to get product 25. It was deprotected by hydrogenation 

and resulted in the commonly used product tBuDO2A. 
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Secondly, tBuDO2A was selectively protected by 4-nitrobenzyl bromide in 

the presence of sodium bicarbonate, a weak base. It should be noted that 

selectively protecting one side of DO2A compound is rarely seen in literature and 

if reported, the efficiency is very low. However, the protecting reagent used here 

worked very well, because the protecting group has a strong electron withdrawing 

nitro group on the para position of benzyl, so after reacting with tBuDO2A, the 

amino group of the product 27 has a much lower electron density than the starting 

material of tBuDO2A, hence realizing the selective protecting of tDO2A with a 

very high isolated yield. This key intermediate has been widely used in our 

synthesis. For the synthesis of L2, compound 27 was reacted with the bromide 

compound 23 to get product 28, it was then deprotected and the product 29 could 

be conjugated with the 1,2-HOPO chromophore as easy as L1. 

 

Scheme 3.3 Synthetic route of synthesising the intermediate of DO3A like cyclen derivative. 
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Thirdly and importantly, the complexes cyclen derivative of 29 was 

conjugated with the chromophore 1,2-HOPO in the presence of a base (Scheme 

3.4). The product 30 was fully deprotected to get the ligand L2. The following 

complexation reactions were performed in neutral conditions. 

 

Scheme 3.4 Synthetic route of complexes LnL2, Ln represents Eu(III) and Gd(III). 

 

3.3.2.3 The Synthesis of LnL3 

For the synthesis of ligand L3, there is a two-carbon linker between the 

1,2-HOPO chromophore and the cyclen moiety. The direct method is to introduce a 

linker with an active functional group on the molecule of chromophore first, as 

shown in Scheme 3.5, then use it to react with protected DO3A compound 

tBuDO3A. Afterwards, only a simple deprotection is needed to get the desired 

ligand.  
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Scheme 3.5 The designed synthetic route of L3 ligand. 

 

However, this synthetic route failed because the intermediates of 31, 32 and 34 

are very unstable in the presence of a base. They hydrolyze easily to form 

compound 33 rather than react with the bulky compound of tBuDO3A. 

the ultimately successful synthetic route is shown in Scheme 3.6. It seemed quite 

easy to get the terminal amino compound 38 from tBuDO3A as well as from other 

literature reports,113 but to get the pure product with a high yield has been proven to 

be difficult. At first, tBu-DO3A was refluxed with 

2-(2-bromoethyl)isoindoline-1,3-dione (36) in acetonitrile in the presence of 

caesium carbonatefor two days to get compound 37. This simple reaction still 

required optimisation before smoothly performing. At first, we used DMF as a 

solvent and potassium carbonate as base, after reacting for about 24 hours, the 

reaction mixture turned into brown and the product was obtained in only ~30% 

yield. The possible byproduct was the further reacted quaternary ammonium. 

However, decreasing the amount of the bromide starting material did not improve 

the reaction, as the residual starting material of tBuDO3A has a similar retention 

factor as the product, resulting in more difficult purification. The conversion 

became near quantitative after optimising the reaction conditions, but there was 

another problem, as the product could complex with various kinds of cations, in the 
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process of chromatographic purification, so the product did not elute at the same 

time. As a result, the yield was also not very high, just ~ 40%. To simplify the 

chromatographic purification and obtain a higher yield of isolated product, one 

literature reported the use of NaClO4 to form a more stable complex with a similar 

compound, but it is only suitable for compounds with low polarity as it needs to be 

decomplexated and extracted with n-pentane.114 After getting compound 37, it was 

hydrazinolysed to compound 38, which was conjugated with protected 1,2-HOPO 

acid by condensation reagents or carboxylic chloride, then deprotected and 

coordinated with metal ions. It needs to be noted that compound 35 has a similar 

structure to compound 37, so the purification is also problematic. So, in this step, a 

short column chromatography was performed, the half-pure product was 

deprotected directly and the fully deprotected compound L3 was recrystallized by 

methanol and diethyl ether. The ligand was used to coordinate with metals of Eu, 

Tb and Gd. 
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Scheme 3.6 Synthetic routes of complexes LnL3, Ln represents Eu(III), Tb(III) and Gd(III). 

 

3.3.3 Photophysical Properties of Synthesised Complexes (LnL1 – LnL3) 

Photophysical properties of the complexes were studied after successful 

complexing to the metal ions. Photophysical characterization such as emission, 

lifetimes and quantum yields were carried out in DMSO, methanol and water 

(deuterated where applicable) to determine the efficiency of sensitised emission 

and the inner sphere hydration number. 
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3.3.3.1 Absorption Properties 
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Figure 3.6 Absorption spectra of EuL1 in DMSO, water and MeOH. 
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Figure 3.7 Absorption spectrum of EuL2 in water. 
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Figure 3.8 Absorption spectra of EuL3 in water and MeOH. 

 

3.3.3.2 Excitation and Emission Properties 
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Figure 3.9 Excitation and emission spectra of EuL1 in DMSO, water and MeOH. 
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Figure 3.10 Emission spectra of EuL1 in DMSO with different absorbance. 
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Figure 3.11 Excitation and emission spectra of EuL2 in water. 
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Figure 3.12 Excitation and emission spectra of EuL3 in water and MeOH. 

 

3.3.3.3 Lifetimes (Emission Decay)  

Emission decay of EuL1: 
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Figure 3.13 Luminescence lifetime decay curves of EuL1 in water. 
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Figure 3.14 Luminescence lifetime decay curves of EuL1 in D2O. 
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Figure 3.15 Luminescence lifetime decay curves of EuL1 in MeOH. 
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Figure 3.16 Luminescence lifetime decay curves of EuL1 in MeOD. 
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Figure 3.17 Luminescence lifetime decay curves of EuL1 in DMSO. 

 

 

 

 

 

 



80 

 

Emission decay of EuL2: 

 

Figure 3.18 Luminescence lifetime decay curves of EuL2 in H2O.

0 500 1000 1500 2000

5

10

15

20  EuL2 in D2O

In
te

n
s
it
y
 (

a
.u

.)

Time (s)

Equation y = A1*exp(-x/t1) + A2*exp(-x/t2) + y
0

Adj. R-Squ 0.99646

Value Standard Er

y0 0.64341 0.00838

A1 5080.704 469.59914

t1 19.78189 0.2755

A2 12.26754 0.04488

t2 414.8512 2.03837

 

Figure 3.19 Luminescence lifetime decay curves of EuL2 in D2O. 
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Emission decay of EuL3: 
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Figure 3.20 Luminescence lifetime decay curves of EuL3 in H2O. 

 

Figure 3.21 Luminescence lifetime decay curves of EuL3 in D2O. 
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Figure 3.22 Luminescence lifetime decay curves of EuL3 in MeOH. 
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Figure 3.23 Luminescence lifetime decay curves of EuL3 in MeOD. 
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3.3.4 Summary of Photophysical Properties 

Table 3.1 Photophysical properties of EuL1, EuL2 and EuL3: 

 

Complex τH2O 

(ms) 

τD2O 

(ms) 

τMeOH 

(ms) 

τMeOD 

(ms) 

τDMSO 

(ms) 

qH2O
a qMeOH

b ΦH2O ΦMeOH ΦDMSO 

EuL1 0.2 

0.2 

0.6 

0.6 

0.02 

0.04 

0.3 

0.07 

0.4 

0.07 

3.3(2.9) 

1.0(0.9) 

3.5 1.0% 1.1% 6.8% 

EuL2 0.3 

0.02 

0.4 

0.03 

- - - 1.3(1.1) - - - - 

EuL3 0.1 0.1 0.4 0.6 - 2.6(2.3) 1.4 - 1.1% - 

a Parker’s equation, b Horrock’s equation, exc = 350 nm. 

 

As shown in Table 3.1, the quantum yields of EuL1 in water and methanol are 

almost the same (~ 1%) and relatively higher in DMSO (6.8%); For EuL2, its 

quantum yield was uncalculatable as the emission was too weak; EuL3 also has a 

low quantum yield (1.1%) in methanol. The hydration numbers of EuL1 – EuL3 

suggested that EuL1 was a trihydrate (q ~ 3), EuL2 was a monohydrate (q ~ 1) and 

EuL3 was a dihydrate (q ~ 2). This also explained the quantum yield of complex 

EuL1 in DMSO was higher than in water and methanol. , 

It should be noticed that the luminescence decay traces only gave satisfactory 

fits when modelled as biexponential decays. This biexponential luminescence 

decay behaviour emphasises the presence of two emitting species in solution for 

these three complexes. This might be because the structure of the chromophore 

1,2-HOPO has two different configurations, the C=O bond of the amide group 

might be with cis- and trans-configurations, and the different configurations may 

result in different extent of solvent coordination, indicated by the much shorter 

secondary lifetimes. 

3.3.5 Conclusion for the Complexes EuL1 – EuL3 

A series of lanthanide complexes with mono 1,2-HOPO moiety and 

macrocyclic backbone cyclen derivatives DO3A were designed and synthesised. 
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However, their photophysical studies showed that neither of these europium 

complexes has desirable quantum yield and brightness. It is proposed that the 

possible reasons are, as shown in Figure 3.24, that EuL1 has three water molecules 

coordinated to the first coordination sphere of europium ion, and these water 

molecules quench the luminescence even the energy absorbed from chromophore 

was transferred to the europium ions. For EuL2, since the europium ion already has 

8- or 9- coordination from the cyclen moiety, the oxygen on the 1,2-HOPO could 

not coordinate onto the europium ion strongly, then even if the chromophore could 

absorb energy and transferred to its triplet state, the distance between the 

chromophore and the europium ion was too far, low energy transfer efficiency to 

the metal ion was thus observed. For EuL3, as the distance between the cyclen 

moiety and chromophore was relatively far, the two coordination sites on the 

chromophore may not coordinate with the metal ion strongly, hence giving rise to 

more possibilities in an equilibrium state. Except in form I, see below diagram 

Figure 3.25, the other two forms may have poor energy transfer, hence this complex 

with a moderate quantum yield between EuL1 and EuL2. 

 

Figure 3.24 The proposed reasons of low luminescence. 
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3.4 New Direction (Octadentate Ligation) 

Based on the results obtained from EuL1 – EuL3, it is concluded that the 

mono 1,2-HOPO moiety may not have the desired coordination mode for highly 

luminescent complexes as it cannot directly chelate to the metal centre. Hence, the 

ligand has to be redesigned to allow coordination and sensitization of the metal 

centre by synthesising a tetra 1,2-HOPO cyclen. Each side of the pendant arms 

contains a 1,2-HOPO moiety allows directly embracing the metal centre on four 

sides.  

 

 

Figure 3.25 The structure of octadentate ligation. Ln represents Eu(III), Sm(III) and Gd(III). 

 

The LUMPAC software package115 was used to optimize the geometry 

structure of EuL4 as shown in Figure 3.26. 

 

 
Figure 3.26 Optimized geometry structure of EuL4. Viewed on the side of metal ions (a), on 

opposite side of metal ion (b) and the side (c). 

(a) (b) (c) 
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3.4.1 Synthesis of Octadentate Ligation of LnL4 

The designed synthetic route for cyclen-1,2-HOPO chelate is shown in 

Scheme 3.7. To get compound 43 with four amino groups on four sides of the 

cyclen ring, phthalimide and tert-butylcarbamate (Boc) protected 

bromoethanamine was reacted with cyclen, however, the tetrasubstituted product 

could only be obtained with very low yield and the reaction mixtures were very 

complicated. The reaction with tosylaziridine resulted in high product yield and 

because of the multi-tosylated products have low solubility in various solvents, 

the pure product was obtained by recrystallization with acetonitrile and toluene. 

The deprotection reaction was performed in a mixture of acetate acid and 

hydrobromic acid, the resultant compound was formed as a hydrobromic acid salt 

with low solubility in acetate acid, so the solid washed with acetate acid was pure 

enough to perform the next step. The intermediate of compound 44 was finally 

purified by semi-preparative HPLC, then after deprotection, ligand L4 was 

recrystallized from a methanol and diethyl ether mixture. Complexation was 

performed either in water or in methanol, with the latter method using pyridine as 

base (for easier purification). After heating at 55℃ for 8 hours, the product was 

solidified by adding diethyl ether into the reaction mixture, the excess of ligand or 

base was washed away easily and complex LnL4 was obtained as white solids. 
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Scheme 3.7 Synthetic route of LnL4, Ln represents Eu(III), Sm(III) and Gd(III).  

 

3.4.2 Photophysical Properties of LnL4 

The photophysical properties of EuL4 and SmL4 were measured in water. 

 



88 

 

3.4.2.1 Absorption, Excitation and Emission Spectra of EuL4 and SmL4 
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Figure 3.27 Normalized absorption, excitation, and emission spectra of EuL4 in water. 
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Figure 3.28 Normalized absorption, excitation, and emission spectra of SmL4 in water. 
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3.4.2.2 Lifetimes (Emission Decay)  
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Figure 3.29 Luminescence lifetime decay curves of EuL4 in water. 
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Figure 3.30 Luminescence lifetime decay curves of EuL4 in D2O. 
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Figure 3.31 Luminescence lifetime decay curves of EuL4 in MeOH. 
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Figure 3.32 Luminescence lifetime decay curves of EuL4 in MeOD. 
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Figure 3.33 Luminescence lifetime decay curves of SmL4 in water. 

 

3.4.2.3 Photophysical Properties of GdL4 

As shown in Figure 3.35, GdL4 emits at 503 nm at 77 K, and the lifetime 

monitored at this wavelength is 6.9 ms (Figure 3.37). It means the 1,2-HOPO 

chromophore has very stable excited triplet state at 19881cm-1, allowing highly 

efficient energy transfer to the europium ions accepting states, therefore resulting 

in a high quantum yield. 
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Figure 3.34 Emission spectrum of GdL4 at room temperature in methanl/ethanol (1:1). 
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Figure 3.35 Emission spectrum of GdL4 at 77K in methanol/ethanol (1:1). 
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Figure 3.36 Excitation spectrum of GdL4 at 77K in methanol/ethanol (1:1). 
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Figure 3.37 Luminescence lifetime decay curves of GdL4 at 77K in methanol/ethanol (1:1) 

(em = 503 nm). 

 

 

3.4.3 Summary of Photophysical Properties of LnL4 

Table 3.2. Photophysical properties of EuL4 and SmL4: 

 

Complex abs(max) τH2O 

(ms) 

τD2O 

(ms) 

τMeOH 

(ms) 

τMeOD 

(ms) 

qH2O
a qMeOH

 ΦH2O Eu
Eu(H2O) sens(H2O) 

EuL4 339 nm 0.8 1.1 0.8 1.0 0.1, 
0.2 

0.1 30.2% 
 

46.8% 
 

64.6% 

SmL4 339 nm 0.02 - - - - - 0.4% - - 

a Parker’s equation, Horrock’s equation. 

Quantum yield (Φ) were relative to quinine sulphate in 0.1 M H2SO4 (exc = 350 nm, = 0.577). 

Estimated errors are ± 15%. 

The tetradentate 1,2-HOPO ligand has proved to be a good chromophore to 

sensitize Eu(III) luminescence in aqueous solution, with a highest quantum yield 

value of 23.9% in the literature thus far. This value was the highest amongst a 

library of various backbone structures primarily differing in linker length and 

flexibility. In the present work, we conjugated the HOPO chromophore onto a 

1,4,7,10-tetraazacyclododecane (cyclen)-based ligand structure and obtained a 30.2% 

luminescence quantum yield for our octadentate complex EuL4, surpassing the 
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above literature record. We also determined the number of coordinated water 

molecules – hydration state – (q) to be 0.1 and 0.2 by Parker’s and Horrocks’ 

equation respectively, which is consistent with the 0.13 of Eu(2LI-1,2-HOPO)2. 

The increase in quantum yield, therefore, is attributed to the higher stability brought 

about by the macrocyclic effect of a cyclen skeleton compared to needing two 

tetradentate chelates to saturated the Eu(III)’s coordination, leading to a more rigid 

coordination environment and thus facilitate energy transfer. This proposition is 

supported by the much higher sensitization efficiency (sens) and much lower rate of 

non-radiative decay (knr) of EuL4. The quantum yield of SmL4 is 0.4%, which is 

comparable to the literature with the same chromophore. 

 

3.5 Cell Imaging 

In order to study the localization profile, EuL4 was incubated with HeLa 

cells using 2 μM and 4 μM loading concentrations and an incubation time of 4 

hours. Figure 3.38 shows the cell imaging under the microscopy with the 

excitation of 380 nm. Figure 3.39 shows the cell imaging under the two-photon 

microscopy, the colocalization study shows the complex of EuL4 was mainly 

located inside lysosome. 
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Figure 3.38 In vitro imaging of complex EuL4 in HeLa cells for 3 hours (λexc = 380 nm, BP 

filter = 550 – 650 nm, 2 μM complex). 

 

 

  

 

Figure 3.39 In vitro two-photon imaging of complex EuL4 in HeLa cells for 3 hours (λexc = 

760 nm, 4 μM complex). 
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3.6 Conclusion 

In this chapter, the design and synthesis of two generations of cyclen-based 

lanthanide complexes were described. The first synthetic strategy for making the 

1,2-HOPO cyclen complexes did not achieve desirable luminescence. The 

octadentate cyclens were further developed which showed the highest quantum 

yield among the complexes with 1,2-HOPO chromophore to the best of our 

knowledge: 30.2% in water. It is also among the highest of all the europium 

complexes. Complex EuL4 also showed fast cellular uptake at very low 

concentrations, and the two-photon excitation imaging of this complex in vitro 

make this complex with high potential applications as optical probe in biological 

systems. 
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Chapter Four 

Synthesis of Lanthanide Complexes with TTA Chelator 

 

4.1 Overview of β-Diketone Ligands and Types of Complexes 

Similar to 1,2-HOPO, another very important group of lanthanide chelators 

that serve as both a chelating ligand as well as an antenna are β-diketonates. 

β-diketonates are the most intensely investigated coordination compounds for 

lanthanide ions.116 Their popularity is due to their commercial availability, ease of 

synthesis and their excellent luminescence properties, they are known to be very 

efficient sensitizers of lanthanide ions. 117 , 118 , 119 , 120  These organic ligands 

coordinated to Eu(III) have two main beneficial effects; they not only increase the 

light absorption cross section by ‘‘antenna effects’’ but also protects metal ions 

from vibrational coupling.121,122,123,124 Most of the β-diketones are good sensitizers 

for Eu(III) ions but only a few of them are for Tb(III). It is due to the energy level of 

triplet state of β-diketonates which is below the 5D4 of Tb(III) ions (where the 

complexes with high extinction coefficient). 

Two types of Ln(III) β-diketonates complexes have to be considered, tris 

complexes with a Lewis base and tetrakis complexes. The former is to use three 

β-diketonates to chelate the Ln(III) ion and a Lewis base to form an adduct with the 

Ln(III) ion. Examples of common Lewis bases are 1,10-phenanthroline (phen), 

2,2’-bipyridine (bipy), and tri-n-octylphosphine oxide (topo), etc. The latter consist 

of four β-diketonates coordinating to the Ln(III), forming a complex anion, 

[Ln(β-diketonate)4]
-. A counter cation is needed to neutralize the negative charge, 

for example alkali metal ion (Na+, K+, etc.) or a conjugate acid (pyridinium, 
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diethylaminium, etc.). Figure 4.1 shows the general structure of these two types of 

complexes. 

 
 

Figure 4.1 The general structure of Ln(III) β-diketone complexes. 

 

The β-diketones or 1,3-diketones bear two carbonyl groups that are separated 

by one carbon atom. This carbon atom is the α-carbon, in most β-diketones, the 

substituents on the α-carbon are hydrogen atoms. Only very few examples of 

lanthanide complexes of α-substituted β-diketonates are known.125 The substituent 

on the carbonyl function can be an alkyl group, a fluorinated alkyl group, an 

aromatic or a heteroaromatic group. Figure 4.2 shows some typical β-diketones 

with aromatic substituent groups. 
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Figure 4.2 Structures of β-diketones with aromatic and heterocyclic substituents. The 

molecules are in the keto form. 

 

 

Figure 4.3 Keto-enol equilibrium in β-diketone. 

 

The β-diketones exhibit keto–enol tautomerism (Figure 4.3). In the enol form, 

the H-atom of the alcohol function is hydrogen-bonded to the carbonyl O-atom. It is 

a common practice to express the composition of a β-dicarbonyl system by the 

molar percentage of the enol tautomer at equilibrium, rather than by the equilibrium 

constant K ([enol form]/[keto form]). The amounts of keto- and enol form can be 

determined by integration of the keto and the enol resonance peaks in the 1H NMR 

spectrum. The position of the keto–enol equilibrium depends on a variety of factors 

such as the substituents on the β-dicarbonyl system, the solvent, the temperature 

and the presence of other species in solution that are capable of forming hydrogen 

bonds. When four or more fluorine atoms are present in the molecule, the 

enolization is complete. 126  For instance, 100% of the molecules of 

hexafluoroacetylacetone are then in the enol form.  

When the β-diketone is deprotonated, the proton is removed from the α-carbon 

(if the β-diketone is in the keto form) or from the alcohol group (if the β-diketone is 

in the enol form). The acidity of the β-diketone depends on the substituents. 

Electron-withdrawing groups increase the acidity, whereas electron-donating 

groups decrease it. Because of the presence of the two carbonyl groups, the proton 

on the α-carbon is quite acidic and it can be removed by relatively weak bases. 

Examples of bases that are used for deprotonation of β-diketones are ammonia, 
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sodium hydroxide, piperidine and pyridine. A much stronger base is needed to 

remove the second proton. The negative charge of the β-diketonate ligand is 

delocalized, as it is in the lanthanide β-diketonates, which form six-membered 

chelate rings. 

Ternary β-diketonates lanthanide complexes contain one or two additional 

ligands besides the β-diketonate ligands (Figure 4.4). These ligands act as Lewis 

bases and form adducts with tris β-diketonate complexes because of the tendency of 

the lanthanide ion to expand its coordination sphere. 

 

Figure 4.4 Structures of ternary β-diketonates lanthanide complexes.127,128 

 

4.2 Bioapplication of Lanthanide β-Diketonate Complexes  

Since lanthanide β-diketonate complexes have extremely high luminescence 

and could easily be obtained, they have been used in bioapplications for decades. 

The most successful application is as an enhancer for dissociated-enhanced 

lanthanide fluorescent immunoassay (DELFIA). This is because β-diketonates 

could form bright complexes very fast. In combination with the time-resolved 

fluorescence (TRF) technique, the DELFIA with very high detection limit and 

have been widely used for kinds of immunoassays, such as DELFIA cell 

cytotoxicity assays, cell proliferation assays, multiplexing assays, receptor-ligand 

binding assays, kinase assays and biodistribution studies.  
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Figure 4.5 Principle of the DELFIA system with time-resolved detection and the chelators for DELFIA. (a) 

Antigen fixation on a solid-supported primary antibody. (b) Reaction with a Ln labelled secondary antibody. (c) 

Rinsing and Eu PL enhancement by time-gated PL detection.129 

 

Besides as enhancer for DELFIA, multidentate β-diketonates are also used as 

lanthanide chelators to conjugate with the bio-substrates directly. Because of no 

need to introduce non-luminescent lanthanide chelators, direct conjugation is 

relatively more simple than the technique of DELFIA, while maintaining the high 

sensitivity.130 However, since the complex itself is not stable enough for the 

labeling, an excess of lanthanide salt needs to be added to light up the conjugate 

before detecting the intensity of the luminescence, which is proportional to the 

concentration of the labeled β-diketonates. 
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Figure 4.6 β-Diketonate-based lanthanide chelating agents for time-gated immunoassay. 

131,132,133,134,135,136,137 

 

4.3 Lanthanide Complexes with TTA Chelator 

Among all the literature reported β-diketonate ligands, 2-

thenoyltrifluoroacetone (TTA) is extremely efficient in sensitizing europium ions 

emission. It is well known that the triplet state of TTA is a highly efficient donor to 

the 5D1 and 5D0 excited states of Eu(III), with theoretically estimated transfer rates 

in the order of 108 s-1. 138  Four well-known examples of highly efficient 

red-emitting europium complexes are Eu(TTA)·2H2O, Eu(TTA)3(DBSO)2, 

Eu(TTA)3phen and Eu(TTA)4[HMIM] (Figure 4.7). The quantum yields of these 

complexes are 23%, 85%, 69% (in solid state) 139  and 54% (ionic liquid),140 

respectively.  
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Figure 4.7 The structures of Eu(TTA).2H2O, Eu(TTA)3(DBSO)2, Eu(TTA)3phen and 

Eu(TTA)4[HMIM]. 

 

However, almost all of literature reported europium complexes containing 

TTA ligands are multicomponent complexes. Their high quantum yields are either 

in solid state or in the ionic liquid state, as well as in some nonpolar organic 

solvents. Their stabilities in solution, especially in aqueous solution, are rarely 

reported, this seriously limits their applications in bioapplications.  

 

4.4 Outline and Direction of Work 

In this chapter, four TTA chelators are combined into various backbones to 

realise the high luminescence as well as to investigate the stabilities and compare 

different parameters that will affect the sensitizing efficiencies of the 

chromophores, such as rigidity, geometry and coordination saturation. 

From reviewing literature, backbones of H(2,2) and (3,4,3) contain excellent 

features to support bidentate chelates.99 These two backbones incorporated with 

1,2-HOPO have been reported to be good sensitizers for europium and 

samarium.109,141 As discussed in chapter three, the cyclen backbone is also very 

suitable for the 1,2-HOPO ligands and a high quantum yield was obtained. 

The work in this chapter will describe the following studies: 

1) Synthesis of Ln-Cyclen-TTA complexes.  

2) Synthesis of Ln-H(2,2)-TTA and Ln-(3,4,3)-TTA complexes.  
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3) The photophysical properties of europium and samarium complexes with 

different backbones will be compared. 

4) Bioimaging studies. 

 

4.5 Synthesis of Ln-Cyclen-TTA Complexes 

Octadentate ligands and complexes combining TTA and cyclen are shown in 

Figure 4.8. A one-carbon linker was introduced onto the thiophene ring of the 

TTA moiety. This alkyl linker does not affect the whole molecule’s conjugation 

and therefore photophysical properties of the complexes are not expected to be 

influenced. While the backbone will determine the complex’s geometry, rigidity 

and saturation, the cage-like molecule would get the similar results as the 

complexes of 1,2-HOPO with the same backbone (as shown in Figure 4.8). Their 

geometry structures optimized by LUMPAC software115 are shown in Figure 4.9. 

 

Figure 4.8 The designed ligand and lanthanide complexes of TTA with cyclen backbone. Ln 

represents Eu(III), Sm(III) and Gd(III). 

 

 (a) (b) (c) 
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Figure 4.9 Optimized geometry structures of EuL5. Viewed on the side of metal ions (a), on 

opposite side of metal ion (b) and the side (c). 

 

4.5.1 Screening of Synthetic Route 

The classic method for the synthesis of β-diketones is the Claisen 

condensation between a deprotonated methylketone and an ethyl or a methyl ester. 

In general, the yields vary from 20 to 80%.  

For the ligands with chromophore and cyclen, the straightforward synthetic 

strategy is to synthesise the chromophore part with an active functional group first, 

then use the active group to react with the cyclen. As shown in Scheme 4.1, the 

compound of TTA with a linker could be synthesised from thiophenone starting 

material, with the active group on the linker protected at first. After the main 

structure of TTA moieties were formed, it should be deprotected and changed to an 

active group (Cl, Br or OMs) again. However, the α-position of β-diketone 

compounds are very active in the presence of a base, this makes the substitution 

reaction problematic.  

 

Scheme 4.1 The first possible synthetic route of L5. PG represents the protecting group. 



106 

 

Another synthetic strategy is to synthesise the cyclen compound with four 

thiophenones first, then use the standard TTA synthetic method to make the four 

TTA moieties (Scheme 4.2). This synthetic route also has some problems, as the 

last step of Claisen reaction at four sides of thiophenone moieties, and byproducts 

will be formed in the excess of base and ethyl trifluoroacetate, so strict control of 

just 4 equivalents of base and ethyl trifluoroacetate is needed. However, use the 

conventional base such as sodium methoxide, sodium ethoxide or potassium 

tert-butoxide always give incompletely reacted intermediates of mono-, di-, and tri- 

TTA compounds, hence, KHMDS was considered. It is a very strong and bulky 

base, it could react with ketones at very low temperature (-78℃). After forming the 

TTA moieties, nearly all the product will be in the enolate form so even a large 

excess of base and ethyl trifluoroacetate (~ 6.0 equivalents) is used, there will be no 

byproducts observed, and this is essential in obtaining fully reacted product. 

Besides the excellent reaction process, the work-up and purification processes are 

also optimised. After completed reaction, the product, as a potassium salt, could be 

precipitated by pouring the reaction mixture into a solution of petroleum ether, 

Centrifugation was performed and the solid product was further washed with 

dichloromethane for several times to give the pure product. 
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Scheme 4.2 The second synthetic strategy of L5. 

 

4.5.2 Synthesis of LnL5 

Firstly, after optimisation, the chloromethylation from the starting material of 

2-acetylthiophene was performed successfully. Normally this kind of reaction 

should be performed very carefully to limit the number of byproducts formed. We 

found that aluminium chloride, as the Lewis acid, plays an important role in 

controlling the formation of one stereoisomer (another Lewis acid such as ZnCl2 

gave a mixture of isomers), and the equivalence of acid and concentration of 

solution as well as the reaction time should also be under strict control as well. 2.5 

equivalents of AlCl3 were used (the byproduct c was the major product was 2.8 eq. 

was used), in a relatively low concentration solution (to prevent byproduct c), and 

the reaction was carried out at room temperature for a moderate reaction time (~ 6 

h) (Scheme 4.3). 

Secondly, 4-chloromethyl-2-acetylthiophene was reacted with cyclen. This 

substitution reaction should be performed at room temperature for two days first, 
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as at high temperature, there will be a lot of byproducts (ketone reacted with 

amine and ketone’s self Claisen condensation), and the equivalence of the 

chloride starting material also needs to be controlled to be in a small excess, 

otherwise, lots of quaternary ammonium salt will be formed.  

Thirdly, the tetrasubstituted intermediate was reacted with ethyl 

trifluoroacetate with KHMDS as base. After reacting at -78°C for 2 hours, the 

temperature was warmed to room temperature and the reaction was continued at 

room temperature for overnight. Solids were formed by adding petroleum ether, 

the yellow solid was further washed with dichloromethane for three times. 

Finally, the complexation reactions were performed in methanol with 1.1 

equivalent of LnCl3.6H2O was added into the solution of ligand. After stirring at 

60°C for overnight, the resulting solution was purified easily. After cooling the 

reaction mixture, water was added to the mixture, the precipitate formed was 

collected by centrifugation and further washed with water twice to wash away the 

excess metal ions and unreacted ligands completely. The solid complex was dried 

and used for measurements directly without any further purification. 
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Scheme 4.3 The synthesis of LnL5. The ligand L5(4K) represents in the form of potassium 

salts; Ln represents Eu(III), Sm(III) and Gd(III). 

 

It is worth noting that in literature, β-diketonate complex may form dimeric 

or polymeric complexes.142 But as shown in Figure 4.10, the geometry of the 

complex is governed by the backbone, in which four β-diketonates extend from 

one carbon atom, makes it difficult to form the designed monomeric complex. On 

the contrary, the designed complex herein has enough flexibility and rigidity to 

sequester the metal ions tightly and the hypothesis was confirmed by mass 

spectrometry. Different from the literature reported mass pattern, the desired 

monomer complex signals were very clear in both positive and negative modes 

for the europium, gadolinium and samarium complexes (Figure 4.11). 



110 

 

 

Figure 4.10 The ligand of dimeric complexes. 

 

 

 

Figure 4.11 Mass spectra of EuL5 and GdL5. (a) EuL5 negative signal; (b) EuL5 positive 

signal; (c) GdL5 negative signal. 

 

4.5.3 Photophysical Properties of LnL5 

Photophysical properties of EuL5 were measured after successful 

complexation. Photophysical measurements such as emission, lifetimes and 

quantum yields were carried out in DMSO, methanol (deuterated where applicable) 

(a) 

(b) 
(c) 
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and water to determine the efficiency of sensitised emission and the inner sphere 

hydration number. 

4.5.3.1 Absorption, Excitation and Emission Spectra of EuL5 
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Figure 4.12 The absorption, excitation and emission spectra of EuL5 in DMSO. 
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Figure 4.13 The absorption, excitation and emission spectra of EuL5 in MeOH. 
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Figure 4.14 Normalized absorption, excitation and emission spectra of EuL5 in water (5% 

DMSO). 
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Figure 4.15 Normalized absorption, excitation and emission spectra of SmL5 in water (5% 

DMSO). 
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4.5.3.2 Lifetime (Emission Decay) of EuL5 
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Figure 4.16 Luminescence lifetime decay curves of EuL5 in DMSO. 
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Figure 4.17 Luminescence lifetime decay curves of EuL5 in MeOH. 
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Figure 4.18 Luminescence lifetime decay curves of EuL5 in MeOD. 
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Figure 4.19 Luminescence lifetime decay curves of EuL5 in H2O (5% DMSO). 
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4.5.3.3 Summary of Photophysical Properties 

Table 4.1 Photophysical properties of EuL5 and SmL5. 

 

Complex abs(max) τ(H2O)
a 

(ms) 

τMeOH 

(ms) 

τMeOD 

(ms) 

qMeOH
 ΦH2O

a Eu
Eu(H2O)

a sens(H2O)
a 

EuL5 334 nm 0.4 0.5 0.9 2.1 21.7% 
 

52.9% 
 

41.1% 

SmL5 336 nm  - - - 0.6% - - 

a With 5% DMSO. 

Quantum yield (Φ) were relative to quinine sulphate in 0.1 M H2SO4 (exc = 350 nm, = 0.577). 

Estimated errors are ± 15%.  

  

From Table 4.1, it could be seen that EuL5 has a quantum yield of 21.7% in 

aqueous solution, relatively lower than EuL4 with the same backbone. However, 

as the molar extinction coefficient of TTA (~ 18,000 M-1cm-1)143,144 is much 

higher than the 1,2-HOPO chromophore (~ 4,500 M-1cm-1), 145  the overall 

brightness is, in fact, larger than EuL4. The q value of 2.1 suggested there are two 

solvent molecules coordinated to the first coordination sphere of the metal ion. 

But as the q value was measured from the different lifetimes between MeOH and 

MeOD, the coordination of the complex in water and methanol may not exactly 

be the same. There is also the possibility of only three coordinating TTA 

molecules, with the fourth TTA not coordinated. 

 

4.6 The Design and Synthesis of Ln-H(2,2)-TTA and Ln-(3,4,3)-TTA 

The lanthanide complexes with H(2,2) and (3,4,3) backbones and 1,2-HOPO 

ligands have already been reported (Figure 4.19). These results will setup a good 

foundation for comparison of the sensitizers. It should be noted that for some 

Eu-H(2,2)-1,2-HOPO analogous complexes with short bridging backbones 

between 1,2-HOPO chelates, similar to EuL1 – EuL3, the luminescence decay 
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traces only gave satisfactory fits when modelled as biexponential decays, 

composing of a shorter component. This biexponential luminescence decay 

behaviour emphasises the presence of two different emitting species in solution. It 

is hypothesised that after increasing the length of the bridge between these chelates, 

there should be only one species in solution, and the number of water molecules 

coordinated to the first coordination sphere will decrease from 1 to 0, thus 

improving the quantum yields of the europium complexes. In the TTA complexes 

discussed herein, as there is a one-carbon linker between the backbone and the 

chelate, this would also improve the flexibility and should have the same effects as 

the modified H(2,2) structures. 

 

Figure 4.20 The structures of 1,2-HOPO with H(2,2) and (3,4,3) backbones. 

 

TTA complexes with the same backbones as 1,2-HOPO complexes were 

designed. The ligands and complexes structures are shown in the Figure 4.21. 
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Figure 4.21 The designed structures of ligands of L6 and L7 (in the form of potassium salts) 

with the backbones of H(2,2) and (3,4,3) and the complexes of LnL6 and LnL7. Ln 

represents Eu(III), Sm(III) and Gd(III). 

 

4.6.1 The Synthesis of LnL6 

The H(2,2) backbone was synthesised according to literature reported 

method (Scheme 4.4), 146  which was then reacted with 

4-chloromethyl-2-acetylthiophene in the presence of potassium carbonate with 

DMF as the solvent. This reaction worked very well and the product was purified 

by recrystallization with methanol. The next step could be performed by the 

standard TTA synthetic method, with attention on adjusting a more diluted 

reaction concentration than previous ligands due to the low solubility of the 

starting material at the low reaction temperature (Scheme 4.5).  
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Scheme 4.4 The synthesis of compound H(2,2)-4Ts. 

 

Scheme 4.5 The synthesis of LnL6(Ts), Ln represents Eu(III), Sm(III) and Gd(III). 

 

To improve the solubility and adjust the net charge of complexes, the four 

protecting groups were deprotected (Scheme 4.6). However, the deprotection 

conditions are very harsh, part of the TTA molecules with benzyl structures may 

have decomposed at these harsh conditions.  
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Scheme 4.6 The designed synthetic scheme for deprotection of tosyl groups. 

 

One literature reported a deprotection method of arylsulfonamides under basic 

conditions.147 The structure of the base KPPh2
 is similar to KHMDS, so the 

reaction of deprotection and condensation in a one-pot reaction was tried as 

Scheme 4.7. However, it seems this deprotection method is just suitable for 

molecules with low steric hindrance. In this case, it was not successful, but the 

discovery of this base allowed it to be used for the latter condensation reaction to 

get the same protected product L6. 

 

Scheme 4.7 Designed synthetic route for one-pot deprotection of tosyl groups and 

condensation. 
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An alternate synthetic route to synthesize L6 was designed, with the tosyl 

protecting groups changed to Ns groups, which is nitro-substituted phenylsulfonyl 

(nitrophenylsulfonyl). This protecting group is much easier to be deprotected 

because of its strong electron withdrawing property. The nitrophenylsulfonyl 

group could be deprotected by a nucleophile, such as thiolate. The new designed 

synthetic route is finalized in Scheme 4.8. The product 45 was deprotected in a 

mixture of acetate acid and hydrobromic acid to obtain the deprotected compound 

47 as a white solid in the form of a hydrobromic salt. Then the four amino groups 

of 47 were protected by nitrophenylsulfonyl groups, and the formed compound 48 

was recrystallized from acetonitrile to get a pure white solid. Then after four sides 

substitution to get the compound 49, the deprotection was performed in the 

mixture of 2-mercaptoacetic acid and DMF under the base of DBU, a moderate 

yield was obtained. Then the four sides of thiophenone were changed to four TTA 

to get the ligand of L6, and after complexations, LnL6 was obtained. 
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Scheme 4.8 The synthesis of LnL6, Ln represents Eu(III), Sm(III) and Gd(III). 

 

4.6.2 The Synthesis of LnL7  

It is very interesting that Eu(III) and Sm(III) complexes of (3,4,3)-1,2-HOPO 

ligand are brighter than other similar ligands. This proved the backbone of 

(3,4,3)-ligand provides excellent steric geometry for the lanthanide ions 

coordination. Hence a ligand with a similar structure of (3,4,3)-1,2-HOPO ligand is 

designed. However, the first step of the substitution reaction resulted in 4-, 5- and 

6-substituted products. But as the three products have the same (3,4,3) backbone, 
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it would be interesting to explore the photophysical properties of the lanthanide 

complexes. The synthetic route is shown in Scheme 4.9.  

Scheme 4.9 Synthesis of LnL7, Ln represents Eu(III), Sm(III) and Gd(III). 

 

4.7 Photophysical Properties of LnL6 and LnL7 

Photophysical properties of the synthesised LnL6 and LnL7 were studied. 

Photophysical measurements such as absorption, excitation, emission, lifetimes 

and quantum yields were carried out in DMSO, methanol (deuterated where 

applicable) and water (with 5% DMSO) to determine the efficiency of sensitised 

emission and the inner sphere hydration number. 
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4.7.1 Absorption, Excitation, Emission Properties 
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Figure 4.22 Absorption, excitation and emission spectra of EuL6(Ts) in H2O (5% DMSO). 
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Figure 4.23 Absorption, excitation and emission spectra of EuL6(Ts) in DMSO 
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Figure 4.24 Absorption, excitation and emission spectra of EuL6(Ts) in MeOH. 
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Figure 4.25 Normalized excitation and emission spectra of EuL6 in H2O (5% DMSO). 
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Figure 4.26 Normalized absorption, excitation and emission spectra of EuL7(4TTA) in 5% 

DMSO aqueous solution. 
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Figure 4.27 Normalized absorption, excitation and emission spectra of EuL7(5TTA) in 5% 

DMSO aqueous solution. 
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Figure 4.28 Normalized absorption, excitation and emission spectra of EuL7(6TTA) in 5% 

DMSO aqueous solution. 
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Figure 4.29 Absorption, excitation and emission spectra of EuL7(6TTA) in DMSO. 
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Figure 4.30 Absorption, excitation and emission spectra of EuL7(6TTA) in MeOH. 
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Figure 4.31 Normalized absorption, excitation and emission spectra of SmL6(Ts) in H2O (5% 

DMSO). 
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Figure 4.32 Normalized excitation and emission spectra of SmL6 in H2O (5% DMSO). 
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Figure 4.33 Normalized absorption, excitation and emission spectra of SmL7(4TTA) in H2O 

(5% DMSO). 



129 

 

400 600 800250 300 350 400 450 500 550 600 650 700 750 800

0.0

0.2

0.4

0.6

0.8

1.0

250 300 350 400 450 500 550 600 650 700 750 800

0.0

0.2

0.4

0.6

0.8

1.0

Wavelength (nm)

   Absorbance

 Excitation 

  Emission

 

Figure 4.34 Normalized absorption, excitation and emission spectra of SmL7(5TTA) in H2O 

(5% DMSO). 
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Figure 4.35 Normalized absorption, excitation and emission spectra of SmL7(6TTA) in H2O 

(5% DMSO). 
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4.7.2 Lifetime (Emission Decay) 
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Figure 4.36 Luminescence lifetime decay curves of EuL6(Ts) in 5% DMSO aqueous 

solution. 
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Figure 4.37 Luminescence lifetime decay curves of EuL6(Ts) inDMSO. 
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Figure 4.38 Luminescence lifetime decay curves of EuL6(Ts) in MeOH. 
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Figure 4.39 Luminescence lifetime decay curves of EuL6(Ts) in MeOD. 
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Figure 4.40 Luminescence lifetime decay curves of EuL6 in H2O (5% DMSO). 
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.Figure 4.41 Luminescence lifetime decay curves of EuL6 in MeOH. 
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Figure 4.42 Luminescence lifetime decay curves of EuL6 in MeOD. 
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Figure 4.43 Luminescence lifetime decay curves of EuL7(4TTA) in 5% DMSO aqueous 

solution. 
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Figure 4.44 Luminescence lifetime decay curves of EuL7(4TTA) in MeOH. 
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Figure 4.45 Luminescence lifetime decay curves of EuL7(4TTA) in MeOD. 
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Figure 4.46 Luminescence lifetime decay curves of EuL7(5TTA) in 5% DMSO aqueous 

solution. 
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Figure 4.47 Luminescence lifetime decay curves of EuL7(5TTA) in MeOH. 
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Figure 4.48 Luminescence lifetime decay curves of EuL7(5TTA) in MeOD. 
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Figure 4.49 Luminescence lifetime decay curves of EuL7(6TTA) in 5% DMSO aqueous 

solution. 
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Figure 4.50 Luminescence lifetime decay curves of EuL7(6TTA) in MeOH. 
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Figure 4.51 Luminescence lifetime decay curves of EuL7(6TTA) in MeOD. 
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Figure 4.52 Luminescence lifetime decay curves of EuL7(6TTA) in DMSO. 
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Figure 4.53 Luminescence lifetime decay curves of SmL6(Ts) in H2O (5% DMSO). 
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Figure 4.54 Luminescence lifetime decay curves of SmL6 in H2O (5% DMSO). 

 

0 200000 400000 600000 800000

0

2000

4000

6000

8000

10000 Equation y = A1*exp(-x/t1) + A2*exp(-x/t2) + y0

Adj. R-Square 0.99941
Value Standard Error

-- y0 -2.66105 3.89415

-- A1 6808.56395 3040.77143

-- t1 84038.53357 8966.96383

-- A2 137157.21803 2816.54852

-- t2 40867.34865 1122.65613

 

Figure 4.55 Luminescence lifetime decay curves of SmL7(4TTA) in H2O (5% DMSO). 
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Figure 4.56 Luminescence lifetime decay curves of SmL7(5TTA) in H2O (5% DMSO). 
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Figure 4.57 Luminescence lifetime decay curves of SmL7(6TTA) in H2O (5% DMSO). 
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4.7.3 Summary of Photophysical Properties 

Table 4.2 Photophysical properties of EuL6 and EuL7.  

Complex abs(max) τ(H2O)
a (ms) τMeOH 

(ms) 

τMeOD 

(ms) 

qMeOH
 ΦH2O

a Eu
Eu(H2O)

a sens(H2O)
a 

EuL6(Ts) 336 nm 0.5 0.5 0.6 0.1 19.3%b 38.0%b 50.8%b 

EuL6  0.4, 0.1 0.4, 

0.1 

0.5, 

0.1 

1.4, 

6.7 

6.9% 24.8% 27.9% 

EuL7(4TTA) 342 nm 0.6, 0.2 0.4 0.7 2.5 24.1% 45.0% 53.4% 

EuL7(5TTA) 342 nm 0.6, 0.2 0.5, 

0.3 

0.7, 

0.3 

0.7, 

0.8 

27.5% 45.9% 59.8% 

EuL7(6TTA) 342 nm 0.5, 0.1 0.5, 

0.3 

0.6, 

0.3 

0.9, 

0.7 

11.8% 33.0% 35.9% 

a With 5% DMSO, b In methanol. 

Quantum yield (Φ) were relative to quinine sulphate in 0.1 M H2SO4 (exc = 350 nm, = 0.577). 

Estimated errors are ± 15%.  

Table 4.3 Photophysical properties of SmL6 and SmL7.  

Complex H2O (s)a H2O (%) 

SmL6(Ts) 
81 

0.8 
21 

SmL6 89 0.7 

SmL7(4TTA) 
80 

1.1 
39 

SmL7(5TTA) 
70 

1.2 
40 

SmL7(6TTA) 

70 

1.0 32 

24 

Estimated error of ±10% and 15% for luminescence lifetimes and quantum yields respectively. 

aMeasured in 5% DMSO.  

As shown in Table 4.2, the backbone of H(2,2) could shield the metal ions 

from the solvent molecules coordination due to the suitable linker length and 

flexibility. The m value of EuL7(4TTA) was determined to be 2.5, suggesting that 

4 TTA moieties in this backbone are insufficient to protect the Eu(III) center from 

methanol coordination. When one more TTA was added to the ligand structure, the 
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m value in EuL7(5TTA) was reduced to 0.73 with a 42% increase in luminescence 

lifetimes in methanol solution, implying the fifth TTA played its expected role in 

providing additional coordination to displace prevent solvent coordination. The 

luminescence lifetime in water, however, is very similar to that of EuL7(4TTA); 

we propose similar hydration states for the two complexes and the discrepancy with 

the m value is due to the size difference of water and methanol molecules, affecting 

its coordination. To support this proposition, we examined the hypersensitive 5D0 

 7F2 transition of Eu(III) in methanol and aqueous solution. This transition is an 

electric dipole transition that is highly dependent on the coordination environment 

of the Eu(III) center. In aqueous solution, the splitting patterns of the transition are 

nearly identical between EuL7(4TTA) and EuL7(5TTA), whereas in methanol 

solution, they are vastly different. This result suggests that the additional TTA 

could only offer extra protection to the Eu(III) center against methanol molecules 

but not water molecules; as a result, the photophysical properties of EuL7(5TTA) 

are quite similar to EuL7(4TTA) as well.  

The luminescence lifetimes, quantum yields and sensitization efficiency of 

EuL7(6TTA), however, do not fall into the same brackets. An m value of 0.9 also 

suggests that it offers less protection than 5 TTA moieties, although still a long way 

from being as exposed as EuL7(4TTA). It is believed that a total of 6 TTA moieties 

on the same backbone leads to overcrowding and the steric hindrance may render 

some of the TTA uncoordinated to the Eu(III) center. The overall quantum yield 

(11.8%) and sensitization efficiency (36%) are underwhelming compared to its 

counterparts. The congested TTA moieties hamper interaction of individual TTA 

with the Eu(III), thus also leading to longer chromophore-lanthanide distance and 

poor energy transfer. The much-decreased luminescence lifetime in aqueous 
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solution (0.118 ms) also suggests that while the arrangement of the TTA molecules 

is congested, it is not compact enough to prevent water coordination; and the 

significant knr offers more evidence. 

 

4.8 Cell Imaging 

In order to study the localization profile, EuL5 was incubated with HeLa 

cells using 5 μM concentrations and incubated for 12 and 24 hours. Figure 4.58 

shows the cell imaging under the microscopy with the excitation of 380 nm. 

Figure 4.59 shows the cell imaging under the two-photon microscopy.  

 

 

Figure 4.58 In vitro imaging of complex EuL5 in HeLa cells for 16 hours (λexc = 380 nm, BP 

filter = 550 – 650 nm, 10 μM complex). 
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Figure 4.59 In vitro two-photon imaging of complex EuL5 in HeLa cells for 24 hours (λexc = 

720 nm, 5 μM complex). 
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Chapter Five 

Experimental 

5.1 Materials and General Methods 

Unless noted otherwise, all chemicals were of reagent grade and were 

purchased from Sigma-Aldrich or Acros Organics and used without further 

purification. Moisture-sensitive synthetic procedures were performed under a 

nitrogen atmosphere using standard Schlenk techniques. Davisil silica gel (40-63 

μm) was obtained from Grace Davison. Analytical reagent grade solvents were 

used and acetonitrile was dried with sodium hydride and distilled under nitrogen. 

1H and 13C NMR spectra were recorded on a Bruker Ultrashield 400 Plus NMR 

spectrometer (at 400 MHz and 100 MHz respectively) or a Bruker Ultrashield 600 

Plus NMR spectrometer (at 600 MHz and 150 MHz respectively). The 1H and 13C 

NMR chemical shifts were referenced to solvent residual peaks. Mass spectra, 

reported as m/z, was obtained on a Micromass Q-TOF 2 mass spectrometer. 

Measurements were recorded at 298 K and were obtained relative to a reference of 

pure solvent contained in quartz cuvettes with a path length of 1 cm and polished 

base. UV-Visible absorption spectra in the spectral range 200 to 1100 nm were 

recorded by an HP UV-8453 spectrophotometer. Single-photon luminescence and 

lifetime spectra were recorded using an Edinburgh Instrument FLS920 Combined 

Fluorescence Lifetime and Steady state spectrophotometer that was equipped with 

a single photon counting photomultiplier in Peltier Cooled Housing (185 nm to 850 

nm). All solvents used in the measurements were of CHROMASOLV®Plus grade 

from Sigma-Aldrich and used without further purification.  
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5.2 Spectroscopic and Photophysical Measurements 

5.2.1 Lifetime Measurement 

Lifetimes of europium and terbium complexes were measured by excitation of 

the sample using a short pulse of light. A gate time of 0.1 ms was used and the 

excitation and emission slits were set to 0.5 – 5 nm and 0.5 – 3 nm bandpass 

respectively (depending on the complex). The obtained exponential decay curves 

were fitted to equation 5.1, using Origin 8.0 software. 

I = A0 + A1e
-kt                                              (5.1) 

Where 

I = intensity at time (t) after the flash 

A0 = intensity after the decay has finished 

A1 = pre-exponential factor 

k = rate constant for decay of the excited state 

It should be noted that the excited state lifetime, τ, is the inverse of the rate constant, 

k. 

 

5.2.2 Inner Sphere Solvent Number (q value) 

The equation of calculating inner sphere hydration umber, qH2O, is given by 

qH2O = A (kH2O –kD2O + corrLn)                             (5.2) 

where  

A = proportionality constant which depends on the vibronic quenching by OH 

oscillators 

CorrLn = allows for the effect of closely diffusing OH oscillators. 

   The incorporation of values of Eu and Tb based complexes are different and are 

given the equation 5.3 and 5.4.148,149 

qEu = 1.2 (kH2O –kD2O – 0.25)                    (5.3) 
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  qTb = 5 (kH2O –kD2O – 0.06)                      (5.4) 

Equation 5.5 and 5.6 have been modified. The new equations consider NH 

oscillators present in close proximity to the lanthanide ion and where n refers to the 

number of NH oscillators.150 

  qEu = 1.2[(kH2O –kD2O – 0.25) – 0.075n]                       (5.5) 

  qTb = 5[(kH2O –kD2O – 0.06) – 0.01n]                           (5.6) 

The equation of calculating inner sphere methanol molecules number, qMeOH, is 

given by 

     qMeOH = A(1/τMeOH – 1/τMeOD – a)                    (5.7) 

A = 8.4, 2.4, 0.05 ms for Tb(III), Eu(III) and Sm(III) 

a = 0.125 

 

5.2.3 Molar Absorption Coefficient Measurement 

The molar absorption coefficient (ε) of the chromophores and complexes 

synthesised were determined by equation 3.8. 

A = ε c 𝑙           (5.8) 

where 

A = absorbance at λmax 

c = concentration of chromophore in sample 

𝑙 = path length of the cell (1 cm) 

Five solutions of known concentration were prepared for each compound, 

with absorbances ranging from 0.02 to 0.10. Then by plotting absorbance against 

the concentration of chromophore/complex in solution; the plot should be a 

straight line graph where the gradient is the molar absorption coefficient. 
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5.2.4 Triplet Energy Measurements 

The triplet energy states of the chromophores are determined by their 

low-temperature phosphorescence spectra. An Oxford Instruments optical cryostat 

was used and operated at 77K with samples dissolved in DMSO or a mixture of 

H2O and glycerol in the ratio of 75 – 80% to 25 – 20%. 

3.2.5 Quantum Yield Determination 

Quantum yield is defined by the ratio of the total number of photons emitted 

and the total number of photons absorbed. Due to the second harmonic of the 

complexes, absolute quantum yields are not able to determine. Therefore the 

method of determining relative quantum yield is applied where the compound of 

unknown yield is compared to a compound of known yield. The equation used to 

calculate the quantum yield is 

ΦX = (
𝐴R

𝐴X
) (

𝐸X

𝐸R
) (

𝐼𝑅

𝐼x
) (

𝑛X

𝑛R
)

2

ΦR 

Where  

A = absorbance at λmax 

E = corrected integrated emission intensity 

I = corrected intensity of excitation light 

n = refractive index of solution 

The measurements were referenced to a standard (quinine sulphate (φ = 0.577) 

in 0.1 M H2SO4). Five solutions of each complex of known absorbances between 

0.02 and 0.1 were used. For each solution, the total integrated emission area was 

determined. A plot of total integrated emission against absorbance should give a 

straight line with the slope of Emission/Absorbance. Using equation 5.9 the relative 

quantum yield can be calculated. 
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   ΦX = (
𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡X

𝑔𝑟𝑎𝑛𝑑𝑖𝑒𝑛𝑡R
) (

𝑛X

𝑛R
)

2

ΦR                       (5.9) 

The refractive index can be eliminated if both the complexes and reference 

compound are recorded in the same solvent. 

 

5.3 Synthetic Procedure and Characterization 

The Agilent Analytical HPLC (1100 Series) instrument was used in the RP-HPLC 

analysis, with the UV–visible detector. A Vision HT C18 HL 5 mm × 250 mm 

column was used. Mobile phase: 0 min 90% Water (0.05% TFA) / 10% ACN 

(0.05%TFA) to 25 mins 100% ACN (0.05%TFA). 

The following compounds were synthesized either according or similar to the 

literature reported procedures, their mass spectra, 1H-NMR and 13C-NMR are well 

consistent with the corresponding experimental ones. 

1) 1,4,7-tris(carbotertbutoxymethyl)-1,4,7,10-tetraazacyclododecane 

(tBu-DO3A),151  

2) (7-tert-Butoxycarbonylmethyl-1,4,7,10-tetraaza-cyclododec-1-yl)-acetic acid 

tert-butylester (tBu-DO2A),152  

3) tri-tert-butyl 

2,2',2''-(10-(2-aminoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl) triacetate 

(tBu-DO3A-C2H4NH2),
153  

4) 1-Benzyloxy-6-carboxy-2(1H)-pyridinone,154  

5) methyl 2-(((benzyloxy)carbonyl)amino)-2-methoxyacetate,155  

6) tri-tert-butyl 

2,2',2''-(10-(1-(((benzyloxy)carbonyl)amino)-2-methoxy-2-oxoethyl)-1,4,7,10-tetr

aazacyclododecane-1,4,7-triyl)triacetate.156  
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Compounds 1 – 14: 

These compounds were synthesized according to the literature88 with some 

modifications.160  

Compound 15 and Ligand P1: 

 

These compounds were synthesized according to our published paper.157 

TbP1 and GdP1: 

This complex was synthesized following the complexation condition of EuP1.160 

Complex EuBR: 

Compound 55: Into a solution of tBuDO3A(500 mg, 0.97 mmol) in acetonitrile(40 

ml) was added K2CO3(268.5 mg, 1.94 mmol) and compound 24(600 mg, 1.61 

mmol), stirring at room temperature for 20 hrs. Filtered, the solvent was removed 

under reduced pressure, the resultant mixture was dissolved into 0.5% HCl(80 ml), 

then extracted with ethyl acetate(3 × 50 ml), the aqueous solution was then adjusted 

pH to 8 by saturated NaHCO3 and extracted with CH2Cl2(2 × 80 ml), combined the 

CH2Cl2 layers and washed with saturated NaCl(30 ml), dried over MgSO4, filtered 

and the solvent was removed under reduced pressure. This resulted in the product 

25(760mg, 99%) as a white solid. 

Complex EuBR: Compound 55 (760 mg, 0.97 mmol) was dissolved in 

dichloromethane (20 ml) and TFA (5 ml), stirring at room temperature for 12 hrs. 

Concentrated under reduced pressure to give a brown oil. It was dissolved in 

acetone (2 ml), then added ethyl ether (40 ml). The solid was collected by 

centrifuge. This resulted in compound 56 (700 mg) as a light yellow solid. Took 

300 mg of this solid, dissolved in ethanol (5 ml) and 0.4 M NaOH (5 ml), stirring at 

room temperature for 3 hrs, adjusted the pH to 6.0 by adding 0.5 M HCl, then added 
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EuCl3.6H2O (125 mg, 0.34 mmol). the reaction solution was adjusted pH to 7 again 

by adding 0.1 M NaOH, refluxing for 2.5 hrs. Then most of the solvents were 

removed under reduced pressure, H2O(20 ml) was added to the mixture and pH was 

adjusted to 10 by adding 0.1 M NaOH, then filtered and pH was adjusted to 7 again. 

Concentrated under reduced pressure and the resultant mixture was dissolved in 

methanol (20 ml), filtered and the filtrated was concentrated again to give the result 

in complex EuBR (200 mg, 65% three steps) as a white solid. 

Complexes EuP2 – EuP6: 

Complexes of EuP2 – EuP6 were synthesized as the following procedure: 

EuBR (20 mg, 0.027 mmol), was dissolved in DMF (1 ml) and THF (1 ml), 

aromatic acetylene (3 eq.) was added, then added DIPEA (25 μl), dppf(PdCl2) (5 

mg) and CuI (1.5 mg), the solution was stirring at 60 - 70°C for 12 hrs. Then the 

resulted solution was filtered and purified by Pre-HPLC directly or concentrated 

under reduced pressure and then added water (1 ml), extracted with ethyl acetate 

to remove most of the impurities, the aqueous solution was purified by Pre-HPLC 

(with yields 30% - 70%). The purities of these complexes were analyzed by 

analytical HPLC, retention times are as follows: Rt(EuP2) = 9.4 min, Rt(EuP3) = 10.5 

min, Rt(EuP4) = 9.1 min, Rt(EuP5) = 7.4 min, Rt(EuP6) = 12.3 min. 

Complex EuP7: 

EuBR (20 mg, 0.027 mmol), was dissolved into 1,4-dioxane (4 ml) and water (0.4 

ml), naphthalen-2-ylboronic acid (2 eq.) was added, then added K2CO3 (10 mg), 

dppf(PdCl2) (5 mg) the solution was stirring at 60 - 70°C for 12 hrs. Then the 

resulted solution was filtered concentrated under reduced pressure and then added 

water (1 ml), extracted with ethyl acetate to remove most of the impurities, the 

aqueous solution was purified by Pre-HPLC. The purity of this complex was 
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analyzed by analytical HPLC, the retention time is 9.8 min. 

Compound 16 – 19: 

These compounds were synthesized according to the literature.113  

Compound 21:  

Compound 19 (300 mg, 1.14 mmol) in dried acetonitrile (5 ml) was added slowly 

into a cooled (0 - 10℃) stirring solution of compound 20 (tBuDO3A) (300 mg, 0.58 

mmol) in dried acetonitrile (15 ml) and DIPEA (0.8 ml). The reaction mixture was 

stirred at 0 - 10℃ for 2 hrs and subsequently warmed to room temperature and 

stirred for a further overnight. The reaction mixture was concentrated and the 

residue was purified by column chromatography on silica gel (DCM: MeOH, 20:1) 

to yield a colourless oil (74%). 1H NMR (400 MHz, CDCl3) δ 7.55 (d, J = 5.6 Hz, 

2H), 7.43 – 7.28 (m, 5H), 6.68 (d, J = 8.3 Hz, 1H), 6.10 (d, J = 5.9 Hz, 1H), 5.64 (d, 

J = 8.0 Hz, 1H), 5.05 (d, J = 7.8 Hz, 1H), 3.80 (s, 2H), 3.67 (s, 1H), 3.49 – 3.34 (m, 

1H), 3.32 – 2.87 (m, 8H), 2.86 – 2.53 (m, 10H), 1.50 – 1.36 (m, 27H). 13C NMR 

(101 MHz, CDCl3) δ 170.75, 170.64, 170.58, 161.88, 158.42, 143.89, 138.21, 

133.61, 130.38, 129.23, 128.46, 122.39, 102.51, 80.93, 80.89, 80.79, 79.17, 58.05, 

57.64, 54.87, 54.78, 54.25, 53.06, 52.85, 52.24, 51.59, 48.21, 44.45, 28.23, 28.18, 

28.14. m/z (ESI-MS+) 742 ([M + H]+, calculated: 742). 

Ligand L1: 

Compound 21 (110 mg, 0.15 mmol) was dissolved in the mixture solution of 

concentrated hydrochloric acid (1.5 ml) and acetic acid (1.5 ml), the reaction 

mixture was stirred at room temperature for 3 days. The solvents were then 

removed by rotary evaporator to yield a light yellow oil. It was dissolved in acetone 

(1 ml), diethyl ether (2 ml) was added to the mixture slowly, the precipitate was 

formed. The solid was collected by centrifuging, washed with diethyl ether (2 times) 
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and dried under vacuum (89%). 1H NMR (400 MHz, D2O) δ 7.50 (dt, J = 28.2, 14.1 

Hz, 1H), 6.84 (dd, J = 15.7, 7.9 Hz, 2H), 4.67 (s, 2H), 4.18 – 3.03 (m, 20H). 13C 

NMR (100 MHz, D2O) δ 176.51, 167.84, 167.23, 159.81, 139.41, 139.07, 121.82, 

107.40, 53.97, 53.50, 52.84, 51.16, 51.03, 50.81, 49.93, 46.54, 45.03, 20.37. 

Complexes LnL1: 

These three complexes were synthesised as following procedure: Ligand L1 (1 eq.) 

was dissolved in methanol, metal (in the form of chloride salt, 1.05eq) was added to 

the reaction mixture, then the pH value was adjusted to 7.0 by diluted piperidine (in 

methanol). The resulting solution was stirring for 16 hrs at room temperature. The 

product was precipitated out by adding diethyl ether, centrifuged and washed with 

diethyl ether, the solid was dissolved in methanol and precipitated by adding 

diethyl ether again, centrifuged and resulted in the final complex as white solid. m/z 

(HRMS-) EuL1: 630.0881 ([M]-, calculated: 630.0851); TbL1: 638.0894, ([M]-1, 

calculated: 638.0906); GdL1: 634.0902, ([M]-1, calculated: 634.0884).  

Compound 27: 

Compound 26 (tBuDO2A, 600 mg, 1.50 mmol) was dissolved in dried acetonitrile 

(40 ml), potassium carbonate (1.04 g, 7.52 mmol) was added to the reaction 

mixture, the temperature was rose to 55 ℃, the solution of 4-nitrobenzyl bromide 

(323.6 mg, 1.50 mmol) in acetonitrile (22 ml) was dropped into the reaction 

mixture slowly (5 hrs) while controlling the temperature at 55℃. The mixture was 

stirred at this temperature for another 16 hours. The temperature was cooled and 

the reaction mixture was filtered, the filtrate was concentrated and the residue was 

purified by column chromatography on silica gel (DCM: MeOH, 20:1) to yield a 

light yellow solid (70%). 1H NMR (400 MHz, CDCl3) δ 8.19 (d, J = 8.6 Hz, 2H), 

7.58 (d, J = 8.6 Hz, 2H), 3.78 (s, 2H), 3.26 – 2.94 (m, 12H), 2.82 (s, 8H), 1.44 (d, J 
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= 10.9 Hz, 18H). 13C NMR (101 MHz, CDCl3) δ 170.73, 146.97, 129.42, 123.41, 

80.83, 59.29, 56.39, 53.16, 52.58, 28.18. m/z (ESI-MS+) 536 ([M + H]+, calculated: 

536). 

Compound 28: 

Compound 27 (376 mg, 0.70 mmol) was dissolved in dried acetonitrile (6 ml), 

potassium carbonate (255.4 mg, 1.85 mmol) was added into the solution, then 

added with compound 13 (282.1 mg, 0.80 mmol), the mixture was stirred at 65℃ 

for 16 hours. Cooled the temperature to room temperature, filtered and the filtrate 

was concentrated under vacuum, the residue was purified by column 

chromatography on silica gel (DCM: MeOH, 20:1) to yield a white solid (62%). 

1H NMR (400 MHz, CDCl3) δ 8.17 (d, J = 8.5 Hz, 2H), 7.56 (d, J = 8.5 Hz, 2H), 

4.06 (s, 2H), 3.80 (s, 4H), 3.45 (s, 4H), 3.28 (s, 4H), 3.16 (dd, J = 15.8, 10.1 Hz, 8H), 

2.89 (s, 4H), 2.74 (s, 6H), 1.44 (d, J = 8.4 Hz, 36H). 13C NMR (151 MHz, CDCl3) δ 

170.43, 170.33, 146.93, 129.80, 128.27, 123.38, 81.29, 81.18, 56.35, 56.03, 52.45, 

51.59, 30.92, 28.24, 28.12, 27.98. m/z (ESI-MS+) 807 ([M + H]+, calculated: 807). 

Compound 29: 

Compound 28 (350 mg, 0.43 mmol) was dissolved in trifluoroethanol (10 ml), wet 

10% palladium/C catalyst (50 mg) was added into it, then the reaction mixture was 

connected to a balloon, which was filled with hydrogen. The resulting mixture was 

stirred for 16 hours while maintaining the temperature at 50℃. The reaction 

mixture was then cooled down to room temperature, a filtration was performed, 

the filtrate was concentrated, this resulted in a white solid (95%). 1H NMR (400 

MHz, CDCl3) δ 3.26 (s, 8H), 2.75 (dd, J = 71.4, 49.8 Hz, 18H), 1.28 (s, 36H). 13C 

NMR (101 MHz, CDCl3) δ 170.44, 170.33, 81.25, 81.14, 57.64, 56.30, 51.57, 

50.86, 48.83, 47.40, 28.07. m/z (ESI-MS+) 694 ([M + Na]+ calculated: 694). 
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Compound 30: 

Fresh made compound 19 (126 mg, 0.48 mmol) in dried dichloromethane (2 ml) 

was added slowly into a cooled (0 ~ 10℃) stirring solution of compound 29 (179 

mg, 0.27 mmol) in dried dichloromethane (2 ml) and NMM (20 μl). The reaction 

mixture was stirred at 0 ~ 10℃ for 2 hours and subsequently warmed to room 

temperature and stirred for a further overnight. The reaction mixture was 

concentrated and the residue was purified by column chromatography on silica gel 

(DCM: MeOH, 20:1) to yield a colourless oil (75%). 1H NMR (400 MHz, CDCl3) 

δ 7.57 – 7.39 (m, 2H), 7.37 – 7.13 (m, 5H), 6.60 (dd, J = 9.2, 1.2 Hz, 1H), 6.12 – 

5.97 (m, 1H), 5.54 (t, J = 11.6 Hz, 1H), 5.02 (dd, J = 16.7, 8.1 Hz, 1H), 3.81 (dd, J 

= 22.2, 19.1 Hz, 2H), 3.67 – 3.47 (m, 1H), 3.48 – 3.19 (m, 6H), 3.19 – 2.30 (m, 

22H), 1.36 (t, J = 12.0 Hz, 36H). 13C NMR (101 MHz, CDCl3) δ 170.72, 170.55, 

170.44, 161.85, 158.41, 143.90, 138.21, 133.61, 130.34, 129.19, 128.43, 122.31, 

102.57, 80.88, 80.78, 80.69, 79.13, 57.80, 57.60, 56.06, 55.02, 54.64, 54.05, 53.69, 

52.38, 51.94, 50.85, 48.17, 44.67, 28.21, 28.12. m/z (ESI-MS+) 899 ([M + H]+ 

calculated: 899), 921 ([M + Na])+ calculated: 921). 

Ligand L2: 

Compound 30 (170 mg, 0.19 mmol) was dissolved in the mixture solution of 

concentrated hydrochloric acid (5 ml) and acetic acid (5 ml), the reaction mixture 

was stirred at room temperature for 3 days. The solvents were then removed by 

rotary evaporator to yield a light yellow oil. It was dissolved in acetone (10 ml), 

diethyl ether (10 ml) was added to the mixture slowly, the precipitate was formed. 

The solid was collected by centrifuging, washed with diethyl ether (2 times) and 

dried under vacuum (90%). 1H NMR (400 MHz, D2O) δ 7.74 – 7.57 (m, 1H), 6.85 

(d, J = 8.8 Hz, 1H), 6.68 (d, J = 6.6 Hz, 1H), 4.27 – 2.76 (m, 26H). 13C NMR (101 
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MHz, D2O) δ 172.63, 171.43, 170.35, 165.52, 160.03, 140.11, 139.76, 120.63, 

106.93, 55.66, 55.31, 54.50, 52.96, 52.46, 52.27, 50.37, 50.02, 48.63, 47.37, 46.94, 

43.60. 

Complexes LnL2: 

These two complexes were synthesised as following procedure: 

Ligand L2 (1.0 eq.) was dissolved in water, metal (in the form of chloride salt, 1.05 

eq) was added to the reaction mixture, then the pH value was adjusted to 7.0 with 

0.1 M NaOH. The resulting solution was stirring for 16 hours at 60℃. The solvent 

was then removed by rotary evaporation and excess Ln(III) salt was removed by 

adjusting the pH of the complex solution to 10 to precipitate insoluble Ln(OH)3. 

The solution was filtered and the pH was adjusted back to neutral. The collected 

complex was then dissolved in methanol and the complex was recrystallized with 

diethyl ether yielding a white product (76 %). m/z (HRMS-) EuL2: 731.1298, 

([M]-1 calculated: 731.1333). 

Compound 37: 

The mixture of compound 20 (tBuDO3A) (1.6 g) and compound 36 (0.95 g) in 

dried acetonitrile (60 ml) and Cs2CO3 (2.0 g) was stirred at 80℃ for 36 hrs and 

then cooled to room temperature, filtered and the filtrate was concentrated and the 

residue was purified by column chromatography on silica gel (CHCl3: MeOH, 

20:1) to yield a colourless oil (50%). 1H NMR (400 MHz, CDCl3) δ 7.92 – 7.53 

(m, 4H), 3.80 (s, 4H), 3.47 (s, 4H), 3.31 – 2.15 (m, 20H), 1.40 (d, J = 27.9 Hz, 

27H). 13C NMR (101 MHz, CDCl3) δ 172.90, 168.65, 134.28, 131.97, 123.22, 

82.22, 56.47, 55.73, 54.64, 53.49, 50.31. 

Compound 38: 

In the mixture of compound 37 (1.2 g) and methanol (20 ml) was added hydrazine 
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hydrate (5 ml), after refluxing for 4 hours, the reaction mixture was cooled to 

room temperature and concentrated to dryness. Added 80 ml DCM, washed with 

water (20 ml) for two times. Then washed with 20% KOH (20 ml), water (20 ml) 

then brine (20 ml 4 times), dried over anhydrous sodium sulphate, filtered and 

concentrated, this resulted in the product of 38 (0.9 g) as a white solid. 

Compound 35: 

Fresh made compound 19 (300 mg, 1.14 mmol) in dried acetonitrile (10 ml) was 

added slowly into a cooled (0 ~ 10℃) stirring solution of compound 38 (300 mg, 

0.54 mmol) in dried acetonitrile (5 ml) and DIPEA (0.8 ml). The reaction mixture 

was stirred at 0 ~ 10℃ for 2 hours and subsequently warmed to room temperature 

and stirred for a further overnight. The reaction mixture was concentrated and the 

residue was purified by column chromatography on silica gel (DCM: MeOH, 10:1) 

to yield a colourless oil (30%). 1H NMR (400 MHz, CDCl3) δ 7.64 – 7.56 (m, 1H), 

7.41 – 7.30 (m, 3H), 6.68 (dd, J = 9.3, 1.5 Hz, 1H), 6.30 (d, J = 5.8 Hz, 1H), 5.42 (s, 

1H), 5.29 (s, 1H), 3.60 – 2.25 (m, 26H), 1.55 – 1.26 (m, 27H). m/z (ESI-MS+) 785 

([M + H]+ calculated: 785), 807 ([M + Na]+ calculated: 807). 

Ligand L3: 

Compound 35 (50 mg, 0.06 mmol) was dissolved in the mixture solution of 

concentrated hydrochloric acid (2 ml) and acetic acid (2 ml), the reaction mixture 

was stirred at room temperature for 3 days. The solvents were then removed by 

rotary evaporator to yield a light yellow oil. It was dissolved in methanol (1 ml), 

diethyl ether (3 ml) was added to the mixture slowly, the precipitate was formed. 

The solid was collected by centrifuging, washed with diethyl ether (2 times) and 

dried under vacuum (50%). 1H NMR (400 MHz, D2O) δ 7.51 – 7.35 (m, 1H), 6.68 

(dd, J = 34.1, 7.6 Hz, 2H), 3.78 – 3.36 (m, 26H). 
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Complexes LnL3: 

These two complexes were synthesized as following procedure:  

Ligand L3 (1.0 eq.) was dissolved in water, metal (in the form of chloride salt, 1.05 

eq) was added to the reaction mixture, then the pH value was adjusted to 7.0 with 

0.1 M NaOH. The resulting solution was stirring for 16 hours at 60℃. The solvent 

was then removed by rotary evaporation and excess Ln(III) salt was removed by 

adjusting the pH of the complex solution to 10 to precipitate insoluble Ln(OH)3. 

The solution was filtered and the pH was adjusted back to neutral. The collected 

complex was then dissolved in methanol and the complex was recrystallized with 

diethyl ether yielding a white product (~ 80 %).  

Compound 40: 

This compound was synthesised following the procedure described in the patent.158 

Compound 41: 

This compound was synthesised following the procedure described in the patent.161 

Compound 42: 

The compound cyclen (1 g) was dissolved in acetonitrile (10 ml) and benzene (10 

ml), then added compound 41 (5.5 g), the mixture was reacting at 60℃ for 3 days. 

A filtration was performed, washed with acetonitrile, this resulted in the product as 

a white solid, it was used for the next step reaction directly without any further 

purification. 1H NMR (400 MHz, DMSO) δ 7.61 (t, J = 10.7 Hz, 8H), 7.34 (d, J = 

7.6 Hz, 8H), 2.72 (t, J = 6.5 Hz, 8H), 2.33 (d, J = 7.6 Hz, 12H), 2.32 – 2.20 (m, 

24H). 13C NMR (100 MHz, DMSO) δ 143.00, 138.14, 130.05, 128.79, 54.12, 

52.55, 40.80, 21.40. 

Compound 43: 

The solid compound 42 (3.0 g) was dissolved in acetate acid (7 ml) and 

hydrobromic acid (5 ml), the mixture was reacting at 100℃ for 3 days. After 
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cooling down to room temperature, a filtration was performed, washed with acetate 

acid, after drying this resulted in the product as a white solid, it was used for the 

next step reaction directly without any further purification. 

Compound 44: 

The mixture of compound 43 (114 mg) and 19 (169 mg) was dissolved in dry THF 

(10 ml), added NMM (184 mg), the temperature was cooled with ice/water to 0 ~ 

10℃, added HATU (350 mg), after one night reaction at room temperature, the 

resulted mixture was added water (50 ml), concentrated to remove the organic 

solvent, then the upper layer was poured out, the oil attached to the wall was 

washed with water again, the residue was purified by Pre-HPLC to get the pure 

product. (80 mg, yield 55.5%). 1H NMR (400 MHz, MeOD) δ 7.88 – 7.04 (m, 

24H), 6.72 (d, J = 9.0 Hz, 4H), 6.41 (d, J = 6.5 Hz, 1H), 5.27 (s, 8H), 3.54 (s, 8H), 

3.21 – 2.78 (m, 24H). 13C NMR (100 MHz, MeOD) δ 161.79, 159.16, 142.56, 

139.16, 133.63, 129.93, 129.30, 128.51, 123.15, 106.17, 79.00, 52.10,48.6, 34.30. 

Ligand L4: 

The compound of 44 (80 mg) was dissolved in acetate acid (3 ml) and 

hydrochloric acid (3 ml), the reaction mixture was stirring at room temperature for 

3 days, concentrated and added 0.5 ml methanol, then 5 ml of ethyl ether was 

added slowly to the mixture. The precipitate was collected by centrifugation, after 

drying to get the pure product in the form of HCl salt (65 mg, 98%).1H NMR (400 

MHz, D2O) δ 7.44 (t, J = 7.9 Hz, 4H), 6.69 (d, J = 8.9 Hz, 4H), 6.61 (d, J = 6.7 Hz, 

4H), 3.63 (s, 8H), 3.30 (s, 16H), 3.20 (s, 8H). 13C NMR (100 MHz, D2O) δ 162.79, 

159.85, 139.56, 139.03, 121.14, 108.86, 52.14, 49.00, 35.05. 

Complexes LnL4: 

These three complexes were synthesized as following procedure:  
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Ligand L4 (1.0 eq.) was dissolved in methanol, metal (in the form of chloride salt, 

1.05 eq) was added to the reaction mixture, then the pH value was adjusted to 7.5 by 

pyridine. The resulting solution was stirring for 12 hours at 55℃. Cooled down to 

room temperature and diethyl ether was added slowly, the precipitate was 

collected by centrifugation, after drying to get the complexes as white solids 

(yield ~ 80%). 

Compound 46: 

Cyclen.HCl (202 mg. 0.96 mmol) was dissolved in dried acetonitrile (4 ml), 

potassium carbonate (660 mg, 4.78 mmol) and 2-acetyl-4-chloromethyl-thiophene 

(806 mg, 4.61 mmol) was added into the stirring solution, the reaction mixture was 

stirred at room temperature for 24 hours, then increased the reaction temperature to 

40℃ and stirred for another 2 days. The reaction mixture was cooled and filtered, 

the filtrate was concentrated under vacuum, the crude product was purified by 

column chromatography on silica gel (CHCl3: EtOH, 100:1 ~ 10:1) to get the pure 

product (65%). 1H NMR (400 MHz, CDCl3) δ 7.52 (d, J = 16.5 Hz, 8H), 3.42 (s, 

8H), 2.63 (s, 16H), 2.42 (s, 12H). 13C NMR (100 MHz, CDCl3) δ 190.65, 144.22, 

141.91, 133.45, 130.96, 54.63, 52.93, 26.80. m/z (ESI-MS+) 745 ([M + H]+ 

calculated: 745). 

Ligand L5(4K): 

Compound 46 (51.6 mg, 0.07 mmol) was dissolved in dried THF (4 ml) while the 

reaction mixture was protected by N2, cooled the temperature to -78℃, then the 

solution of KHMDS (1.0 M in THF, 0.43 ml, 0.42 mmol) was dropped into the 

reaction mixture, after 20 mins late, ethyl trifluoroacetate (60.7 mg, 0.43 mmol) 

was added into it. The resulted mixture was stirred for another 2 hours while 

maintaining the reaction temperature at -78℃ and subsequently warmed to room 
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temperature and stirred for a further overnight. Into the reaction mixture was 

added petroleum ether (5 ml) and stirred for another 20 mins, centrifuged and the 

solid was washed with dichloromethane for two times. Dried under vacuum and 

this resulted in the pure product as an orange solid (67%). 1H NMR (400 MHz, 

DMSO) δ 7.88 – 6.74 (m, 8H), 6.12 – 5.38 (m, 4H), 3.87-3.3 (m, 8H), 2.51 (s, 16H). 

m/z (ESI-MS-) 1145 ([M -3K- H]- calculated: 1145) 

Complexes LnL5: 

The complexation reactions were according to the procedure as follows. Ligand 

(1eq) was dissolved in methanol, metal (in the form of chloride salt, 1.1 eq.) was 

added to the reaction mixture. The resulting solution was stirring for 16 hours at 

50 ℃. The product was precipitated out by adding water, centrifuged and washed 

with water for two times, the solid was dried and resulted in the final complex as 

yellow or orange solid. m/z (ESI-MS-) EuL5:1256.40 ([M]- calculated: 1257), m/z 

(ESI-MS+) EuL5:1258 ([M+H]+ calculated: 1258); GdL5:1262 ([M]- calculated: 

1262). 

Compound 47: 

This compound was synthesised similarly as the procedure described in the 

patent.161 The compound ethane-1,2-diamine (100 mg) was dissolved in 

acetonitrile (5 ml) and toluene (5 ml), then added compound 41 (1.6 g), the mixture 

was reacting at 60℃ for 3 days. A filtration was performed, washed with 

acetonitrile, this resulted in the product as a white solid, it was used for the next step 

reaction directly without any further purification. 1H NMR (400 MHz, CDCl3) δ 

7.77 (d, J = 8.2 Hz, 8H), 7.28 (d, J = 8.1 Hz, 8H), 5.91 (s, 4H), 2.95 (t, J = 5.3 Hz, 

8H), 2.55 (t, J = 5.4 Hz, 8H), 2.51 (s, 4H), 2.41 (s, 12H). 13C NMR (100 MHz, 

CDCl3) δ 143.31, 136.88, 129.73, 127.18, 54.02, 53.15, 40.94, 21.52. 
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Compound 48:  

Compound 47 (303 mg. 0.36 mmol) was dissolved in dried DMF (1 ml), potassium 

carbonate (395 mg, 2.86 mmol) and 2-acetyl-5-chloromethyl-thiophene (274 mg, 

1.57 mmol) was added into the stirring solution, the reaction mixture was stirred at 

room temperature for 15 hours. Into the reaction mixture was added methanol (10 

ml) and water (5 ml), the precipitate was filtered and washed with methanol, the 

solid was dried under vacuum, this resulted in the pure product (74%). 1H NMR 

(400 MHz, CDCl3) δ 7.65 (d, J = 8.1 Hz, 8H), 7.41 (s, 4H), 7.35 (s, 4H), 7.30 (d, J = 

8.1 Hz, 8H), 4.24 (s, 8H), 3.20 – 3.01 (m, 8H), 2.42 (d, J = 1.7 Hz, 33H), 2.26 (s, 

4H). 13C NMR (101 MHz, CDCl3) δ 190.71, 145.28, 143.71, 138.65, 136.67, 

132.95, 131.97, 129.94, 127.05, 53.85, 52.52, 47.79, 46.65, 26.71, 21.51. m/z 

(ESI-MS+) 1401 ([M+H]+ calculated: 1401). 

Ligand L6(Ts): 

Compound 48 (115 mg, 0.08 mmol) was dissolved in dried THF(12 ml) while the 

reaction mixture was protected by N2, cooled the temperature to -78℃, then the 

solution of KHMDS (1.0 M in THF, 0.49 ml, 0.48 mmol) was dropped into the 

reaction mixture, after 5 mins late, ethyl trifluoroacetate (69.9 mg, 0.48 mmol) 

was added into it. The resulted mixture was stirred for another 2 hours while 

maintaining the reaction temperature at -78℃ and subsequently warmed to room 

temperature and stirred for a further overnight. Into the reaction mixture was 

added petroleum ether (10 ml) and stirred for another 20 mins, centrifuged and the 

solid was washed with dichloromethane for two times. Dried under vacuum and 

this resulted in the pure product as an orange solid (90%). 1H NMR (400 MHz, 

DMSO) δ 7.57 (d, J = 7.3 Hz, 8H), 7.37 – 7.13 (m, 12H), 7.06 (s, 4H), 5.59 (d, J = 

52.6 Hz, 4H), 4.11 (s, 7H), 2.82 (s, 8H), 2.41 (s, 4H), 2.22 (d, J = 19.5 Hz, 12H), 
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2.09 (s, 8H), 1.89 (s, 4H). 13C NMR (100 MHz, DMSO) δ 177.72, 168.61, 168.34, 

151.10, 143.65, 138.35, 137.12, 130.23, 127.40, 127.24, 126.58, 121.17, 118.25, 

86.37, 63.18, 55.35, 53.21, 52.42, 47.50, 45.92, 38.25, 29.44, 28.72, 21.35. m/z 

(ESI-MS-) 1821 ([M-3K-H]- calculated: 1821), 891 ([M-3K-H]-/2, calculated: 

891). 

Complexes LnL6(Ts): 

These three complexes were synthesized as following procedure: Ligand L6(Ts) 

(1.0 eq) was dissolved in methanol, metal (in the form of chloride salt, 1.1 eq.) was 

added to the reaction mixture. The resulting solution was stirring for 16 hours at 

50 ℃. The product was precipitated out by adding water, centrifuged and washed 

with water for two times, the solid was dried and resulted in the final complex as 

yellow or orange solid, yields ~ 80%. EuL6(Ts), m/z (ESI-MS-) 1933 ([M]- 

calculated: 1933). 

Compound 49: 

The solid compound 47 (1.0 g) was dissolved in acetate acid (7 ml) and 

hydrobromic acid (5 ml), the mixture was reacting at 100℃ for 3 days. After 

cooling down to room temperature, a filtration was performed, washed with acetate 

acid, after drying this resulted in the product as a white solid, it was used for the 

next step reaction directly without any further purification. 1H NMR (400 MHz, 

D2O) δ 3.16 (t, J = 6.9 Hz, 8H), 3.02 (d, J = 6.9 Hz, 8H), 2.99 (d, J = 5.4 Hz, 4H). 

Compound 50: 

Into the solution of compound 49 (500 mg) in CHCl3 (10 ml) was added TEA (2 

ml), controlled the temperature to 0 ~ 10℃ while added NsCl (508 mg) slowly. 

The reaction mixture was stirring at room temperature for overnight. Then added 

DCM (50 ml), the organic phase was washed with water (40 ml) and brine (50 ml), 
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dried over anhydrous sodium sulphate, filtered and the filtrate was concentrated to 

near dryness, the resulted residue was recrystallized from methanol and diethyl 

ether. This resulted in the product as off-white colour solid (548 mg, yield 80%). 

It was used in the next step reaction without any further purification. 1H NMR 

(400 MHz, DMSO) δ 8.36 (d, J = 8.8 Hz, 8H), 8.02 – 7.96 (m, 8H), 2.73 (t, J = 

6.5 Hz, 8H), 2.32 (t, J = 6.5 Hz, 8H), 2.22 (s, 4H). 13C NMR (100 MHz, DMSO) δ 

149.96, 146.62, 128.41, 125.02, 79.58, 53.72, 41.05. 

Compound 51: 

Into the solution of compound 50 (115 mg) in dry DMF (1 ml) was added K2CO3 

(127 mg), then added compound 45 (88 mg), the reaction mixture was stirred at 

50℃ for 5 hours, cooled down to room temperature and added water (10 ml) and 

methanol (10 ml), the solid was collected by filtration, after drying to get the pure 

compound (108 mg, yield 60%). It was used in the next step reaction without any 

further purification. 1H NMR (400 MHz, DMSO) δ 8.31 (d, J = 8.8 Hz, 8H), 8.01 

(d, J = 8.7 Hz, 8H), 7.68 (s, 4H), 7.51 (s, 4H), 4.34 (s, 8H), 3.12 (s, 8H), 2.49 (s, 

8H), 2.37 (s, 12H), 2.20 (s, 4H). 13C NMR (100 MHz, DMSO) δ 190.84, 150.16, 

144.82, 138.82, 133.86, 133.08, 128.84, 125.03,53.30, 47.50, 46.05, 49.06, 26.91. 

Compound 52: 

Into the solution of compound 51 (360 mg) in dry DMF (10 ml) was added 

2-mercaptoacetic acid (1 ml) and DBU (2 ml), the mixture was stirred at room 

temperature for 12 hours. Then added water (50 ml), extracted with DCM (50 ml 

three times), combined the organic phases and concentrated, the residue was 

purified by Pre-HPLC to get the pure product (80 mg, yield 43%). 1H NMR (400 

MHz, MeOD) δ 7.95 (t, J = 5.7 Hz, 8H), 4.30 (s, 8H), 3.22 (t, J = 5.8 Hz, 8H), 
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2.92 (t, J = 5.7 Hz, 8H), 2.74 (s, 4H), 2.53 (s, 12H). 13C NMR (100 MHz, MeOD) 

δ 191.31, 145.18, 135.59, 134.22, 132.72, 50.12, 49.39, 45.35, 44.48, 25.37. 

Ligand L6(4K): 

Compound 52 (40 mg) was dissolved in dried THF (3 ml) while the reaction 

mixture was protected by N2, cooled the temperature to -78℃, then the solution of 

KHMDS (1.0 M in THF, 0.32 ml) was dropped into the reaction mixture, after 5 

mins late, ethyl trifluoroacetate (48 l) was added into it. The resulted mixture 

was stirred for another 2 hours while maintaining the reaction temperature at -78℃ 

and subsequently warmed to room temperature and stirred for a further overnight. 

Into the reaction mixture was added petroleum ether (10 ml) and stirred for 

another 20 mins, centrifuged and the solid was washed with dichloromethane for 

two times. Dried under vacuum and this resulted in the pure product as a yellow 

solid (90%). 

Compounds 53 – 55: 

Spermine (141.9 mg. 0.70 mmol) was dissolved in dried acetonitrile (20 ml), 

potassium carbonate (238 mg, 1.72 mmol) and 2-acetyl-5-chloromethyl-thiophene 

(500 mg, 2.86 mmol) was added to the stirring solution, the reaction mixture was 

stirred at room temperature for 48 hours, then increased the reaction temperature to 

50℃ and stirred for another 24 hours. The reaction mixture was cooled and 

filtered, the filtrate was concentrated under vacuum, the crude product was 

purified by column chromatography on silica gel (CHCl3: EtOH, 100:1 ~ 10:1) to 

get the pure products 53 (53 mg, yield 10%), 54 (100 mg, yield 16%) and 55 (87 

mg, yield 12%).  

Compound 53：1H NMR (400 MHz, MeOD) δ 7.89 (d, J = 11.4 Hz, 4H), 7.73 (s, 

2H), 7.65 (s, 2H), 4.17 (s, 4H), 3.72 (s, 4H), 3.25 (dt, J = 3.2, 1.6 Hz, 3H), 3.01 (s, 
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3H), 2.65 (s, 3H), 2.49 (d, J = 9.4 Hz, 16H), 1.90 (s, 4H), 1.47 (s, 4H). 13C NMR 

(100 MHz, MeOD) δ 191.62, 191.43, 145.17, 144.65, 136.60, 135.28, 134.62, 

134.28, 134.18, 133.41, 52.39, 51.57, 50.11, 45.08, 44.99, 25.70, 25.62, 22.63, 

22.10. m/z (ESI-MS+) 754.27 ([M+H]+ calculated: 755). 

Compound 54: 1H NMR (400 MHz, MeOD) δ 7.61 (s, 1H), 7.55 (s, 3H), 7.53 (s, 

1H), 7.39 (s, 1H), 7.36 (s, 2H), 7.32 (s, 1H), 7.30 (s, 1H), 3.71 (s, 2H), 3.51 (s, 

4H), 3.47 (d, J = 8.4 Hz, 4H), 2.60 (t, J = 6.8 Hz, 2H), 2.47 (d, J = 9.8 Hz, 18H), 

2.38 (ddd, J = 22.4, 14.1, 7.0 Hz, 14H), 1.69 – 1.57 (m, 4H), 1.37 (s, 4H). 13C 

NMR (101 MHz, MeOD) δ 190.72, 190.55, 144.55, 144.38, 144.20, 142.75, 

142.23, 142.17, 141.53, 133.41, 133.30, 133.16, 132.95, 130.60, 130.52, 130.39, 

130.08, 53.80, 53.69, 53.30, 53.10, 52.02, 51.86, 48.92, 48.01, 27.27, 26.87, 26.81, 

24.90, 24.79. m/z (ESI-MS+) 892.29 ([M+H]+ calculated: 893). 

Compound 55: 1H NMR (400 MHz, CDCl3) δ 7.50 (d, J = 9.3 Hz, 6H), 7.29 (d, J = 

25.6 Hz, 6H), 3.45 (d, J = 20.9 Hz, 12H), 2.52 – 2.11 (m, 30H), 1.59 (d, J = 6.1 Hz, 

4H), 1.31 (s, 4H). 13C NMR (100 MHz, CDCl3) δ 190.59, 144.54, 144.38, 144.19, 

142.73, 142.22, 142.16, 141.52, 133.43, 133.32, 133.18, 132.97, 130.62, 130.55, 

130.42, 130.11, 53.79, 53.68, 53.29, 53.09, 52.01, 51.89, 48.92, 48.02, 27.25, 26.88, 

26.82, 24.88, 24.76. m/z (ESI-MS+) 1031 ([M+H]+ calculated: 1031). 

L7 (4TTA, 5TTA and 6TTA): 

These three ligands were synthesized as following procedure: 

Compound 53, 54 or 55 (1.0 eq.) was dissolved in dried THF while the reaction 

mixture was protected by N2, cooled the temperature to -78℃, then the solution of 

KHMDS (6.0, 7.5 and 9.0 eq. respectively) was dropped into the reaction mixture, 

after 10 mins late, ethyl trifluoroacetate (6.0, 7.5 and 9.0 eq. respectively) was 

added into it. The resulted mixture was stirred for another 2 hours while 
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maintaining the reaction temperature at -78℃ and subsequently warmed to room 

temperature and stirred for a further overnight. Into the reaction mixture was 

added petroleum ether and stirred for another 20 mins, centrifuged and the solid 

was washed with dichloromethane for two times. Dried under vacuum and this 

resulted in the product as yellow or orange solids.  

L7(4TTA): 1H NMR (400 MHz, DMSO) δ 7.42 (s, 2H), 7.35 (s, 2H), 7.24 (s, 2H), 

5.73 (d, J = 6.0 Hz, 4H), 3.64 – 3.51 (m, 8H), 3.44 (s, 4H), 2.33 (d, J = 23.9 Hz, 

8H), 1.75 (s, 5H), 1.56 (d, J = 18.3 Hz, 4H), 1.37 (s, 4H). 13C NMR (100 MHz, 

DMSO) δ 178.36, 178.28, 173.82, 168.43, 160.39, 158.48, 158.17, 151.08, 150.04, 

149.86, 145.15, 143.25, 143.07, 141.49, 136.21, 127.79, 127.30, 126.61, 126.07, 

125.37, 125.07, 123.76, 122.35, 121.88, 121.26, 119.84, 119.36, 118.36, 117.64, 

116.36, 114.27, 113.37, 86.52, 67.48, 53.45, 53.24, 51.87, 48.95, 47.69, 27.41, 

25.58, 24.72. 

L7(5TTA): 1H NMR (400 MHz, MeOD) δ 7.60 – 7.42 (m, 5H), 7.27 (dd, J = 37.6, 

16.9 Hz, 5H), 5.96 (d, J = 7.3 Hz, 4H), 3.64 – 3.47 (m, 7H), 3.30 (dt, J = 3.0, 1.5 

Hz, 9H), 2.51 – 2.26 (m, 10H), 1.68 (dd, J = 14.6, 7.0 Hz, 4H). 

L7(6TTA): 1H NMR (400 MHz, DMSO) δ 7.22 (dd, J = 49.0, 30.4 Hz, 12H), 5.67 

(t, J = 6.8 Hz, 6H), 3.38 (s, 12H), 2.44 (s, 12H), 2.23 (s, 12H), 2.01 – 1.87 (m, 1H), 

1.50 (s, 4H), 1.22 (d, J = 40.1 Hz, 4H). 13C NMR (150 MHz, DMSO) δ 178.28, 

178.20, 177.34, 168.64, 168.56, 168.45, 168.38, 168.27, 168.19, 168.09, 168.01, 

166.28, 158.60, 158.40, 158.20, 158.00, 150.03, 149.74, 141.43, 141.01, 127.83, 

127.61, 126.29, 126.08, 122.69, 122.67, 120.83, 120.74, 120.72, 118.83, 118.80, 

118.78, 116.84, 114.85, 86.56, 63.25, 55.40, 53.33, 53.16, 52.92, 51.67, 51.37, 

38.48, 29.39, 28.40, 24.58, 24.38. m/z (ESI-MS-) 1795 ([M-K]- calculated: 1795). 

LnL7 (4TTA, 5TTA and 6TTA): 
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Complexes were synthesized as following procedures: Ligand (1.0 eq) was 

dissolved in methanol, metal (in the form of chloride salt, 1.1 ~ 1.6 eq.) was added 

to the reaction mixture. The resulting solution was stirring for 16 hours at 50℃. The 

product was precipitated out by adding water, centrifuged and washed with water 

for two times, the solid was dried and resulted in the final complex as yellow or 

orange solids. 
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Appendix:  

1H and 13C NMR Spectra 
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Formic acid
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HRMS of EuP4. 

 

 

 

 

 

 

 

 

 
 

HRMS of EuP5. 

 

 

 



190 

 

 

 
 

HRMS of EuP6. 

 

 

 

 
 

MS of EuP7. 

 

 

  

 
 

HRMS of EuL1. 
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HRMS of TbL1. 

 

 

 

 
HRMS of GdL1. 

 

 

 

 

 
 

HRMS of EuL4. 
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Charts for Measurement of the Extinction Coefficient: 

 
 

 
 

 
 

 

y = 10288x - 0.0008
R² = 0.9997

0

0.02

0.04

0.06

0.08

0.1

0.12

0 0.000002 0.000004 0.000006 0.000008 0.00001 0.000012

A
b

so
rb

an
ce

Concentration (Mcm-1)

EuL4 in H2O

y = 15970x + 0.0036
R² = 0.9998

0

0.02

0.04

0.06

0.08

0.1

0.12

0 0.000001 0.000002 0.000003 0.000004 0.000005 0.000006 0.000007

A
b

so
rb

an
ce

Concentration (Mcm-1)

EuL4 in DMSO

y = 10223x + 0.0013
R² = 0.9997

0

0.02

0.04

0.06

0.08

0.1

0.12

0 0.000002 0.000004 0.000006 0.000008 0.00001 0.000012

A
b

so
rb

an
ce

Concentration (Mcm-1)

SmL4 in H2O



193 

 

 
 

 
 

 
 

y = 15235x + 0.0012
R² = 0.9996

0

0.02

0.04

0.06

0.08

0.1

0.12

0 0.000001 0.000002 0.000003 0.000004 0.000005 0.000006 0.000007 0.000008

A
b

so
rb

an
ce

Concentration (Mcm-1)

SmL4 in DMSO

y = 42440x + 0.003
R² = 0.9994

0

0.02

0.04

0.06

0.08

0.1

0.12

0 0.0000005 0.000001 0.0000015 0.000002 0.0000025 0.000003

A
b

so
rb

an
ce

Concentration (Mcm-1)

EuL5 in DMSO

y = 34442x - 0.0036
R² = 0.9992

0

0.02

0.04

0.06

0.08

0.1

0 0.0000005 0.000001 0.0000015 0.000002 0.0000025 0.000003

A
b

so
rb

an
ce

Concentration (Mcm-1)

EuL6(Ts) in DMSO



194 

 

 
 

 
 

 

 
 

 

 

 

 

 

 

 

y = 31724x + 0.0004
R² = 0.9994

0

0.02

0.04

0.06

0.08

0.1

0 0.0000005 0.000001 0.0000015 0.000002 0.0000025 0.000003 0.0000035

A
b

so
rb

an
ce

Concentration (Mcm-1)

SmL6(Ts) in DMSO

y = 32319x - 0.0054
R² = 0.9971

0

0.02

0.04

0.06

0.08

0.1

0.12

0 0.0000005 0.000001 0.0000015 0.000002 0.0000025 0.000003 0.0000035 0.000004

A
b

so
rb

an
ce

Concentration (Mcm-1)

SmL6(Ts) in 5% DMSO

y = 32398x + 0.0085
R² = 0.9991

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0 0.0000005 0.000001 0.0000015 0.000002 0.0000025 0.000003 0.0000035 0.000004

A
b

so
rb

an
ce

Concentration (Mcm-1)

EuL7(6TTA) in 5% DMSO



195 

 

References:  

 

 
1 Krebs, R. E. The History and Use of Our Earth’s Chemical Elements: A Reference Guide; 

Greenwood Press: Westport, CT, 1998. 

2 Cotton, S. In Lanthanide and Actinide Chemistry; Inorganic Chemistry, John Wiley & Sons: 

England; 2006. 

3 Scott, R. A. Encyclopedia of inorganic and bioinorganic chemistry. 2011. 

4 Pyykko, P. Chem. Rev. 1988, 88, 563-594. 

5 D’Angelo, P.; Zitolo, A.; Migliorati, V.; Chillemi, G.; Duvail, M.; Vitorge, P.; Abadie, S.; 

Spezia, R. Inorg. Chem. 2011, 50, 4572-4579. 

6 Marcus, Y. Chem. Rev. 1988, 88, 1475–1498. 

7 Heyrovska, R. Chem. Phys. Lett. 2006, 429, 600–605. 

8 Shannon, R. D. Acta Crystallogr., Sect. A 1976, 32, 751–767. 

9 Richardson, F. S. Chem. Rev. 1982, 82, 541-552. 

10  Möller, P.; Cerny, P.; Saupé, F. Lanthanides, Tantalum and Niobium: Mineralogy, 

Geochemistry, Characteristics of Primary Ore Deposits, Prospecting, Processing and 

Applications Proceedings of a workshop in Berlin, November 1986. Vol. 7. Springer Science 

& Business Media, 2013. 

11 Bünzli, J.-C. G.; Milicic-Tang, A. Solvation and anion interaction in organic solvents. In 

Handbook on the Physics and Chemistry of Rare Earths, Karl A. Gschneidner; Eyring, L., 

Eds. Elsevier, Amsterdam, 1995, 305-366. 

12 Caravan, P.; Ellison, J.J.; Mcmurry, T.J.; Lauffer, R.B. Chem. Rev. 1999, 99, 2293-352. 

13 Bruce, J.I.; Lowe, M.P.; Parker, D. Photophysical Aspects of Lanthanide(III) Complexes. In 

The Chemistry of Constrast Agents in Medical Magnetic Resonance Imaging, Merbach, A.E.; 

Toth, E., Eds. John Willey & Sons, 2001, 437-460. 

14 Bünzli, J.-C. G.; Milicic-Tang, A. Solvation and anion interaction in organicsolvents. In 

Handbook on the Physics and Chemistry of Rare Earths, Karl A. Gschneidner; Eyring, L., 

Eds. Elsevier, Amsterdam, 1995, 305-366. 

15 Handl, H. L.; Gillies, R. J. Life Sci. 2005, 77, 361-371. 

16 Hagan, A.; Zuchner, T. Anal. Bioanal. Chem. 2011, 400, 2847-2864. 

17 Buono-Core, G.; Li, H.; Marciniak, B. Coord. Chem. Rev. 1990, 99, 55-87. 

18 Atkins. P; de Paula, J. Physical Chemistry, Oxford University Press, Oxford, 8th edn., 2006. 

19 Bünzli , J.-C. G.; Piguet, C. Chem. Soc. Rev. 2005, 34, 1048-1077. 

20 Bünzli, J.-C. G.; Coord. Chem. Rev. 2015, 293–294, 19–47. 

21 Heine, J.; Müller-Buschbaum, K. Chem. Soc. Rev, 2013, 42, 9232-9242. 

 



196 

 

 
22 Bünzli, J-C. G.; Eliseeva, S. V., Lanthanide Photophysics. In Lanthanide Luminescence 

Photophysical, Analytical and Biological Aspects; Springer Series on Fluorescence; 

Springer, 2011; pp 1-45. 

23 Yang, C.; Fu, L. M.; Wang, Y.; Zhang, J. P.; Wong, W. T.; Ai, X. C.; Qiao, Y. F.; Zou, B. 

S.; Gui, L. L. Angew. Chem. Int. Ed. 2004, 43, 5010-5013. 

24 Meshkova, S. B., Journal of Fluorescence, 2000, 10, 333-337. 

25 Walton, J. W.; Bourdolle, A.; Butler, S. J.; Soulie, M.; Delbianco, M.; McMahon, B. K.; Pal, 

R.; Puschmann, H.; Zwier, J. M.; Lamarque, L.; Maury, O.; Andraud, C.; Parker, D. Chem. 

Commun, 2013, 49, 1600-1602. 

26 Loncin, M. F., Desreux, J. F., & Merciny E. Inorg. Chem. 1986, 25, 2646-2648. 

27 Drew, M. G., Guillaneux, D., Hudson, M. J., Iveson, P. B., Russell, M. L., & Madic, C., 

Inorg. Chem. Commun. 2001, 4, 12-15. 

28 Steemers, F. J., Verboom, W., Reinhoudt, D. N., van der Tol, E. B., & Verhoeven, J. W., J. 

Am. Chem. Soc. 1995, 117, 9408-9414. 

29 Pinghua Ge and Paul R. Selvin. Bioconjugate Chem. 2008, 19, 1105-1111. 

30 Binnemans, K. Chem Rev. 2009, 109, 4283-4374. 

31 J.-C.G. Bünzli. Coord. Chem. Rev., 2015, 293-294, 19-47. 

32 Marie, C. c.; Miguirditchian, M.; Guillaumont, D.; Tosseng, A.; Berthon, C.; Guilbaud, P.; 

Duvail, M.; Bisson, J.; Guillaneux, D.; Pipelier, M. Inorg. Chem., 2011, 50, 6557-6566. 

33 Förster,T. Ann. Phys. 1948, 437, 55–75 

34 Förster, T. Discuss. Faraday Soc. 1959, 27, 1-6. 

35 DeW, W., Horrocks, Jr., M.-J. Rhee, AP Snyder, and DR Sudnick. J. Am. Chem. Soc. 1980, 

102, 3650. 

36 Praveen, V. K.; Ranjith, C.; Bandini, E.; Ajayaghosh, A.; Armaroli, N. Chem. Soc. Rev., 

2014, 43, 4222-4242. 

37 De Sa, G.; Malta, O.; de Mello Donegá, C.; Simas, A.; Longo, R.; Santa-Cruz, P.; Da Silva, 

E. Coord. Chem. Rev., 2000, 196, 165-195. 

38 Weissman, S.  J. Chem. Phys. 1942, 10, 214-217. 

39 Whan, R. E.; Crosby, G. A. J. Mol. Spectrosc. 1962, 8, 315. 

40 Crosby, G. A.; Whan, R. E.; Alire, R. M. J. Chem. Phys., 1961, 34, 743. 

41 Crosby, G. A.; Whan, R. E.; Freeman, J. J. J. Phys. Chem., 1962, 66, 2493. 

42 Parker, D. Coord. Chem. Rev. 2000, 205, 109–130. 

43 D’Aléo, A.; Pointillart, F.; Ouahab, L.; Andraud, C.; Maury, O. Coord. Chem. Rev. 2012, 

256, 1604-1620. 

44 Yang, C.; Fu, L. M.; Wang, Y.; Zhang, J. P.; Wong, W. T.; Ai, X. C.; Qiao, Y. F.; Zou, B. 

S.; Gui, L. L. Angew. Chem. Int. Ed. 2004, 43, 5010-5013. 

 



197 

 

 
45 Blasse, G.; Grabmaier, B. G. Luminescent Materials; Springer-Verlag: Berlin, Heidelberg, 

1994. 

46  Poole, R. A.; Bobba, G.; Cann, M. J.; Frias, J.-C.; Parker, D.; Peacock, R. D. Org. 

Biomolecular Chem. 2005, 3, 1013-1024. 

47 Walton, J. W.; Carr, R.; Evans, N. H.; Funk, A. M.; Kenwright, A. M.; Parker, D.; Yufit, D. 

S.; Botta, M.; De Pinto, S.; Wong, K.-L. Inorg. Chem. 2012, 51, 8042-8056. 

48 Lo, W.-S.; Zhang, J.; Wong, W.-T.; Law, G.-L. Inorg. Chem. 2015, 54, 3725-3727. 

49  Moore, E. G.; Xu, J.; Jocher, C. J.; Werner, E. J.; Raymond, K. N. J. Am. Chem. Soc. 2006, 

128, 10648-10649. 

50  Sy, M.; Nonat, A.; Hildebrandt, N.; Charbonniere, L. J. Chem.Commun. 2016, 52, 

5080-5095. 

51 Lis, S.; Elbanowski, M.; Makowska, B.; Hnatejko, Z. J. Photochem. Photobiology a-Chem. 

2002, 150, 233-247. 

52 Alexander,V. Chem. Rev. 1995, 95, 273-342. 

53 Parker, D.; Dickins, R.S; Puschmann, H.; Crossland, C.; Howard, J.A.K. Chem. Rev., 2002, 

102, 1977-2010. 

54 Beeby, A.; Bushby, L. M.; Maffeo, D.; Williams, J. G. J. Chem. Soc. Dalton Trans. 2002, 

48-54. 

55  Nash, K.; Brigham, D.; Shehee, T.; Martin, A. J. Am. Chem. Soc. 2012, 41, 

14547-14556. 

56 Hermann, P.; Kotek, J.; Kubicek, V.; Lukes, I. Dalton Trans. 2008, 23, 3027-3047 

57 Walton, J. W.; Bourdolle, A.; Butler, S. J.; Soulie, M.; Delbianco, M.; McMahon, B. K.; Pal, 

R.; Puschmann, H.; Zwier, J. M.; Lamarque, L.; Maury, O.; Andraud, C.; Parker, D. Chem. 

Commun. 2013, 49, 1600-1602 

58 Chauvin, A.-S.; Comby, S.; Song, B.; Vandevyver, C. D. B.; Bünzli, J.-C. G. Chem. – Euro. 

J. 2008, 14, 1726-1739. 

59 Starck, M.; Kadjane, P.; Bois, E.; Darbouret, B.; Incamps, A.; Ziessel, R.; Charbonnière, L. 

J. Chem. – Euro. J. 2011, 17, 9164-9179. 

60 Kong, H.-K.; Chadbourne, F. L.; Law, G.-L.; Li, H.; Tam, H.-L.; Cobb, S. L.; Lau, C.-K.; 

Lee, C.-S.; Wong, K.-L. Chem. Commun., 2011, 47, 8052–8054. 

61 Amoroso, A. J.; Pope, S. J. Chem. Soc. Rev. 2015, 44, 4723-4742. 

62 de Bettencourt-Dias, A.; Viswanathan, S.; Rollett, A. J. Am. Chem. Soc. 2007, 129, 

15436-15437. 

63 Piszczek, G.; Gryczynski, I.; Maliwal, B. P.; Lakowicz, J. R., Journal of Fluorescence 2002, 

12, 15-17. 

64 Oude Wolbers, M. P.; van Veggel, F. C. J. M.; Peters, F. G. A.; van Beelen, E. S. E.; 

Hofstraat, J. W.; Geurts, F. A. J.; Reinhoudt, D. N. Chem. – Euro. J. 1998, 4, 772-780. 

 



198 

 

 
65 Hebbink, G. A.; Grave, L.; Woldering, L. A.; Reinhoudt, D. N.; van Veggel, F. C. J. M. J. 

Phys.Chem. A 2003, 107, 2483-2491. 

66 Xu, L.-J.; Xu, G.-T.; Chen, Z.-N. Coord. Chem. Rev. 2014, 273–274, 47-62. 

67 Albrecht, M.; Osetska, O.; Bunzli, J. C.; Gumy, F.; Frohlich, R. Chem. 2009, 15, 8791-8799. 

68 Xu, H.-B.; Chen, X.-M.; Zhang, Q.-S.; Zhang, L.-Y.; Chen, Z.-N. Chem. Commun. 2009,  

(47), 7318-7320. 

69 Aboshyan-Sorgho, L.; Nozary, H.; Aebischer, A.; Bünzli, J.-C. G.; Morgantini, P.-Y.; 

Kittilstved, K. R.; Hauser, A.; Eliseeva, S. V.; Petoud, S.; Piguet, C. J. Am. Chem. Soc. 

2012, 134, 12675-12684. 

70 Nonat, A. M.; Allain, C.; Faulkner, S.; Gunnlaugsson, T. Inorg. Chem. 2010, 49, 8449-8456. 

71 Dehaen, G.; Verwilst, P.; Eliseeva, S. V.; Laurent, S.; Vander Elst, L.; Muller, R. N.; De 

Borggraeve, W. M.; Binnemans, K.; Parac-Vogt, T. N. Inorg.Chem. 2011, 50, 

10005-10014. 

72 Chen, Z.-Q.; Ding, F.; Bian, Z.-Q.; Huang, C.-H. Org. Electronics 2010, 11, 369-376. 

73 Jones, J. E.; Jenkins, R. L.; Hicks, R. S.; Hallett, A. J.; Pope, S. J. Dalton Trans. 2012, 41, 

10372-10381. 

74 Chen, Y.; Guan, R.; Zhang, C.; Huang, J.; Ji, L.; Chao, H. Coord. Chem. Rev. 2016, 310, 

16-40. 

75 Long, N. J. Angew. Chem., Int. Ed. 1995, 34, 21-38. 

76 Yao, S.; Ahn, H.-Y.; Wang, X.; Fu, J.; Van Stryland, E. W.; Hagan, D. J.; Belfield, K. D. J. 

Org. Chem. 2010, 75, 3965-3974. 

77 Morales, A. R.; Frazer, A.; Woodward, A. W.; Ahn-White, H. Y.; Fonari, A.; Tongwa, P.; 

Timofeeva, T.; Belfield, K. D. J. Org. Chem. 2013, 78, 1014-1025. 

78 Sun, S.-S.; Dalton, L. R., Introduction to organic electronic and optoelectronic materials 

and devices. CRC Press: 2008. 

79 Law, G. L.; Wong, K. L.; Man, C. W.; Wong, W. T.; Tsao, S. W.; Lam, M. H.; Lam, P. K. J. 

Am. Chem. Soc. 2008, 130, 3714-3715. 

80 de Bettencourt-Dias, A. Chem. 2016, 1, 342-343. 

81 Woodward, A. W.; Frazer, A.; Morales, A. R.; Yu, J.; Moore, A. F.; Campiglia, A. D.; Jucov, 

E. V.; V. Timofeeva, T.; Belfield, K. D. Dalton Trans. 2014, 43, 16626-16639. 

82 Picot, A.; D'Aleo, A.; Baldeck, P. L.; Grichine, A.; Duperray, A.; Andraud, C.; Maury, O. J. 

Am. Chem. Soc. 2008, 130, 1532-1533. 

83 D'Aléo, A.; Bourdolle, A.; Brustlein, S.; Fauquier, T.; Grichine, A.; Duperray, A.; Baldeck, 

P. L.; Andraud, C.; Brasselet, S.; Maury, O. Angew. Chem. 2012, 124, 6726-6729. 

84 Zhang, T.; Zhu, X.; Cheng, C. C. W.; Kwok, W.-M.; Tam, H.-L.; Hao, J.; Kwong, D. W. J.; 

Wong, W.-K.; Wong, K.-L. J. Am. Chem. Soc. 2011, 133, 20120-20122. 

 



199 

 

 
85 Walton, J. W.; Carr, R.; Evans, N. H.; Funk, A. M.; Kenwright, A. M.; Parker, D.; Yufit, D. 

S.; Botta, M.; De Pinto, S.; Wong, K.-L. Inorg. Chem. 2012, 51, 8042-8056. 

86 Walton, J. W.; Bourdolle, A.; Butler, S. J.; Soulie, M.; Delbianco, M.; McMahon, B. K.; Pal, 

R.; Puschmann, H.; Zwier, J. M.; Lamarque, L.; Maury, O.; Andraud, C.; Parker, D. Chem. 

Commun. 2013, 49, 1600-1602. 

87 (a) Delbianco, M.; Sadovnikova, V.; Bourrier, E.; Mathis, G.; Lamarque, L.; Zwier, J. M.; 

Parker, D. Angew. Chem., Int. Ed. 2014, 53, 10718-10722; (b) Soulié, M.; Latzko, F.; 

Bourrier, E.; Placide, V.; Butler, S. J.; Pal, R.; Walton, J. W.; Baldeck, P. L.; Le Guennic, 

B.; Andraud, C. Chem.–Eur. J. 2014, 20, 8636-8646; (d) Butler, S. J.; Delbianco, M.; 

Lamarque, L.; McMahon, B. K.; Neil, E. R.; Pal, R.; Parker, D.; Walton, J. W.; Zwier, J. M. 

Dalton Trans. 2015, 44, 4791-4803. 

88 Horrocks Jr, W. D.; Sudnick, D. R. Acc. Chem. Res. 1981, 14, 384-392. 

89  Leonard, J. P.; Nolan, C. B.; Stomeo, F.; Gunnlaugsson, T. Photochemistry and 

Photophysics of Coordination Compounds Ii, eds. V. Balzani and S. Campagna, 

Editonedn., 2007, vol. 281, pp. 1-43. 

90 Tobita, S.; Arakawa, M.; Tanaka, I. J. Phys. Chem. 1985, 89, 5649. 

91 Kamlet, M. J.; Abboud, J. L.; Taft, R. W. J. Am. Chem. Soc. 1977, 99, 6027-6038. 

92 Lo, W.-S.; Wong, W.-T.; Law, G.-L. RSC Adv. 2016, 6, 74100-74109. 

93 Lakowicz, J. R. Principles of Fluorescence Spectroscopy, third ed.,Springer, New York, 

2006 

94 Mathis, G. Clinical Chem. 1993, 39, 1953-1959. 

95 Piguet, C.; Bunzli, J.-C. G.; Bernardinelli, G.; Bochet, C. G.; Froidevaux, P. J. Chem. Soc., 

Dalton Trans. 1995, 83-97. 

96 Petoud, S.; Cohen, S. M.; Bünzli, J.-C. G.; Raymond, K. N. J. Am. Chem. Soc. 2003, 125, 

13324-13325. 

97 Sabbatini, N.; Guardigli, M.; Manet, I.; Ungaro, R.; Casnati, A.; Fischer, C.; Ziessel, R.; 

Ulrich, G. New J. Chem. 1995, 19, 137-140. 

98 Gorden, A. E.; Xu, J.; Raymond, K. N.; Durbin, P. Chem. Rev. 2003, 103, 4207-4282. 

99 Datta, A.; Raymond, K. N. Acc. Chem. Res. 2009, 42, 938-947. 

100 Werner, E. J.; Datta, A.; Jocher, C. J.; Raymond, K. N. Angew. Chem., Int. Ed. 2008, 47, 

8568-8580. 

101  Deri, M. A.; Ponnala, S.; Zeglis, B. M.; Pohl, G.; Dannenberg, J. J.; Lewis, J. S.; 

Francesconi, L. C. J. Med. Chem. 2014, 57, 4849-4860. 

102 J, N. T.; Pandya, D. N.; Pailloux, S. L.; Ogasawara, A.; Vanderbilt, A. N.; Gill, H. S.; 

Williams, S. P.; Wadas, T. J.; Magda, D.; Marik, J. Theranostics 2016, 6, 511-521. 

103 Pacold, J. I.; Tatum, D. S.; Seidler, G. T.; Raymond, K. N.; Zhang, X.; Stickrath, A. B.; 

Mortensen, D. R. J. Am. Chem. Soc., 2014, 136, 4186–4191. 

 



200 

 

 
104 Moore, E. G.; Jocher, C. J.; Xu, J.; Werner, E. J.; Raymond, K. N. Inorg. Chem. 2007, 46, 

5468-5470. 

105 Petoud, S.; Cohen, S. M.; Bünzli, J.-C. G.; Raymond, K. N. J. Am. Chem. Soc. 2003, 125, 

13324-13325. 

106 Seitz, M.; Moore, E. G.; Ingram, A. J.; Muller, G.; Raymond, K. N. J. Am. Chem. Soc. 2007, 

129, 15468-15470. 

107 Law, G.-L.; Andolina, C. M.; Xu, J.; Luu, V.; Rutkowski, P. X.; Muller, G.; Shuh, D. K.; 

Gibson, J. K.; Raymond, K. N. J. Am. Chem. Soc. 2012, 134, 15545-15549. 

108 Xu, J.; Corneillie, T. M.; Moore, E. G.; Law, G.-L.; Butlin, N. G.; Raymond, K. N. J. Am. 

Chem. Soc. 2011, 133, 19900-19910. 

109 Daumann, L. J.; Tatum, D. S.; Snyder, B. E. R.; Ni, C.; Law, G.-l.; Solomon, E. I.; Raymond, 

K. N. J. Am. Chem. Soc. 2015, 137, 2816-2819. 

110 Parker, D.; Dickins, R.S; Puschmann, H.; Crossland, C.; Howard, J.A.K., Chem. Rev. 

2002, 102, 1977-2010. 

111 Ge, P.; Selvin, P. R. Bioconjugate chem. 2008, 19, 1105-1111. 

112 H. Li, F. L. Chadbourne, R. Lan, C.-F. Chan, W.-L. Chan, G.-L. Law, C.-S. Lee, S. L. Cobb 

and K.-L. Wong, Dalton Trans., 2013, 42, 13495-13501. 

113 de la Reberdière, A.; Lachaud, F.; Chuburu, F.; Cadiou, C.; Lemercier, G. Tetrahedron 

Letters, 2012, 53, 6115-6118. 

114 Botta, M.; Quici, S.; Pozzi, G.; Marzanni, G.; Pagliarin, R.; Barra, S.; Crich, S. G. Org. 

Biomol. Chem., 2004, 2, 570–577. 

115 Dutra, J. D. L.; Bispo, T. D.; Freire, R. O. J. Comput. Chem. 2014, 35 (10), 772-775. 
116 Gschneidner, K. A.; Bünzli, J. C. G.; Pecharsky, V. K. Handbook on the Physics and 

Chemistry of Rare Earths. Elsevier Science: 2005. 

117 Melby, L. R.; Rose, N. J.; Abramson, E.; Caris, J. C. J. Am. Chem. Soc., 1964, 86, 

5117-5125. 

118 Bauer, H.; Blanc, J.; Ross, D. L. J. Am. Chem. Soc., 1964, 86, 5125-5131.  

119 McGehee, M. D.; Bergstedt, T.; Zhang, C.; Saab, A. P.; O'Regan, M. B.; Bazan, G. C.; 

Srdanov, V. I.; Heeger, A. J. Adv. Mater., 1999, 11, 1349-1354. 

120 Bünzli, J.-C. G. J. Alloys Compd., 2006, 408-412, 934-944. 

121 V. Bekiari and P. Lianos, Adv. Mater., 1998, 10, 1455. 

122 Sabbatini, N.; Mecati, A.; Guardigli, M.; Balzani, V.; Lehn, J.-M.; Zeissel, R.; Ungaro, R. J. 

Lumin., 1991, 48-49, 463. 

123 Sabbatini, N.; Mecati, A.; Guardigli, M.; Balzani, V.; Lehn, J.-M.; Zeissel, R.; Ungaro, R. 

Coord. Chem. Rev., 1993, 123, 201. 

124 Driesen, K.; Van Deun, R.; Görller-Walrand, C.; Binnemans, K. Chem. Mater. 2004, 16, 

1531-1535. 

 



201 

 

 
125 Ambili Raj, D. B.; Biju, S.; Reddy, M. L. P. J. Mater. Chem. 2009, 19, 7976. 

126 Pashkevich, K. I.; Saloutin, V. I.; Postovskii, I. Y. Russian Chem. Rev. 1981, 50, 180. 

127  Qin, P.-Z.; Niu, C.-G.; Ruan, M.; Zeng, G.-M.; Wang, X.-Y. Analyst, 2010, 135, 

2144-2149. 

128 Lo, W.-S.; Zhang, J.; Wong, W.-T.; Law, G.-L. Inorg. Chem. 2015, 54, 3725−3727. 

129  Sy, M.; Nonat, A.; Hildebrandt, N.; Charbonniere, L. J. Chem. Commun. 2016, 52, 

5080-5095. 

130 Hagan, A. K.; Zuchner, T. Anal. Bioanal. Chem. 2011, 400, 2847-2864. 

131 Yuan, J.; Matsumoto, K.; Kimura, H. Anal. Chem. 1998, 70, 596-601. 

132 Wu, F.-B.; Zhang, C. Anal. Biochem. 2002, 311, 57-67. 

133 Connally, R.; Veal, D.; Piper, J. Microsc. Res. Tech. 2004, 64, 312-322. 

134 Sayyadi, N.; Justiniano, I.; Connally, R. E.; Zhang, R.; Shi, B.; Kautto, L.; Everest-Dass, A. 

V.; Yuan, J.; Walsh, B. J.; Jin, D.; Willows, R. D.; Piper, J. A.; Packer, N. H. Anal. Chem. 

2016, 88, 9564-9571. 

135 Sayyadi, N.; Connally, R. E.; Try, A. Chem. Commun. 2016, 52, 1154-1157. 

136 Yuan, J.; Matsumoto, K. Anal. Sci. 1996, 12, 695-699. 

137 Yuan, J.; Matsumoto, K. J. Pharm. Biomedical Anal. 1997, 15, 1397-1403. 

138 De Sá, G. F.; Malta, O. L.; Mello Donegá, C.; Simas, A. M.; Longo, R. L.; Santa-Cruz, P. A.; 

Da Silva Jr., E. F.; Coord. Chem. Rev., 2000, 196, 165. 

139 Silva, F. G.; Menezes, J.; Rocha, G.; Alves, S.; Brito, H.; Longo, R.; Malta, O. J. Alloys 

Compd., 2000, 303–304, 364-370. 

140 Nockemann, P.; Beurer, E.; Driesen, K.; Van Deun, R.; Van Hecke, K.; Van Meervelt, L.; 

Binnemans, K. Chem. Commun. 2005, 4354-4356. 

141 Moore, E. G.; Jocher, C. J.; Xu, J.; Werner, E. J.; Raymond, K. N. Inorg. Chem. 2007, 46, 

5468–5470. 

142 Biju, S.; Freire, R. O.; Eom, Y. K.; Scopelliti, R.; Bünzli, J.-C. G.; Kim, H. K. Inorg. Chem. 

2014, 53, 8407-8417. 

143 Bhaumik, M. L. J. Chem. Phys. 1964, 40, 3711-3715. 

144 Lee, T. W.; Pabbisetty, S. V., Microelectronic Failure Analysis. Desk Reference. ASM 

International, Member/Customer Service Center, Materials Park, OH 44073-0002, USA, 

1993. 404 1993. 

145 D'Aleo, A.; Moore, E. G.; Xu, J.; Daumann, L. J.; Raymond, K. N. Inorg. Chem. 2015, 54, 

6807-6820. 

146  Raymond, Kenneth N.; Corneillie, Todd M.; Xu, Jide, PCT Int. Appl. (2008), WO 

2008063721.  

147 Yoshida, S.; Igawa, K.; Tomooka, K. J. Am. Chem. Soc., 2012,134(47), 19358-19361. 

 



202 

 

 
148 Beeby, A.; M. Clarkson, I.; S. Dickins, R.; Faulkner, S.; Parker, D.; Royle, L.; S. de Sousa, 

A.; A. Gareth Williams, J.; Woods, M. J. Chem. Soc. Perkin Trans. 2, 1999, 493-503. 

149 Horrocks Jr, W. D.; Sudnick, D. R. Acc. Chem. Res. 1981, 14, 384-392. 

150  Leonard, J. P.; Nolan, C. B.; Stomeo, F.; Gunnlaugsson, T. Photochemistry and 

Photophysics of Coordination Compounds Ii, eds. V. Balzani and S. Campagna, Editonedn., 

2007, vol. 281, pp. 1-43. 

151 Wong, W.-T.; Li, C. U.S. Pat. Appl. Publ., 20090104124, 23 Apr 2009. 

152 Kovacs, Z.; Sherry, A. D. Synthesis, 1997, 7, 759-763. 

153 de la Reberdière, A.; Lachaud, F.; Chuburu, F.; Cadiou, C.; Lemercier, G. Tetrahedron Lett., 

2012, 53, 6115-6118. 

154 Xu, J.; Durbin, P. W.; Kullgren, B.; Ebbe, S. N.; Uhlir, L. C.; Raymond, K. N. J. Med. 

Chem., 2002, 45, 3963-3971. 

155 Azuma, Hiroki; Okano, Kentaro; Fukuyama, Tohru; Tokuyama, Hidetoshi, Org. Syn. 2011, 

88, 152-161. 

156 Yoo, B.; Pagel, M. D. Tetrahedron Lett., 2006, 47, 7327-7330. 

157 Dai, L.; Lo, W.-S.; Coates, I. D.; Pal, R.; Law, G.-L. Inorg. Chem. 2016, 55, 9065-9070. 

158 Raymond, K. N.; Corneillie, T. M.; Xu, J. US Patent 20080213917: 2008. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



203 

 

 

 

CURRICULUM VITAE 

 

 

Academic qualifications of the thesis author, Mr. DAI Lixiong: 

 

• Received the degree of Bachelor of Engineering from Hunan University of 

Science and Technology, June 2007. 

 

                                                                 

                                                 June 2017 


