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Abstract 

A review on the general background, coordination properties and optical 

properties of trivalent lanthanides is presented, with particular emphasis on their 

characteristic photoluminescent properties. Ln(III) are excellent emitters which cover 

most regions of the visible spectrum and extend to the near-infra red (NIR) region, with 

long lifetimes and distinctive emission profiles. However, their poor ability to absorb light 

means an external antenna is required to channel excited energy prior to radiative 

deactivation and careful design of the ligand system is necessary to minimize numerous 

competitive non-radiative processes. 

 This work encompasses the photophysical studies of europium(III), samarium(III) 

and ytterbium(III) complexes in a bi-chromophoric system. The well-known chelate ï and 

sensitizer ï 2-thenoyltrifluoroacetate (TTA) and a 1,3,5-triazine-based tridentate ligand 

complements the coordination of the trivalent lanthanides. The incorporation of an N,N-

diethylanilinyl moiety imparts intraligand charge transfer (ILCT) character to the 

tridentate ligand which will be discussed following the general syntheses of various 

ligands and complexes in Chapter 3. 

 Chapter three focuses on the visible luminescence from the Eu(III) and Sm(III) 

complexes and evaluates the sensitization efficiencies and quantum efficiencies between 

the TTA and ILCT antennae. As ILCT transitions are solvatochromic, the photophysical 

properties were measured in various solvents and discussed in details. It was found that 

in non-polar solvents such as benzene, the luminescence quantum yield of the Sm(III) 

complexes are quite high compared to literature. 
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 As Sm(III) is dual-emissive ï emitting in both the visible and NIR regions, the 

NIR photophysical properties were investigated. Originating from the same emitting state 

as the visible luminescence transitions, the NIR transitions were studied and compared. 

In addition to solvatochromic studies, this chapter discusses the validity of the energy gap 

law in estimating the extent of quenching by high energy oscillators and thus provide a 

blueprint for maximizing the intrinsically weak NIR luminescence by manipulating the 

coordination environment. NIR luminescence from the ytterbium(III) complex was also 

presented, as the energy transfer mechanism of Yb(III) has always been sort of an enigma 

due to the large energy difference between the Yb(III) only excited state and the donating 

state of common antennae. 

Chapter five focuses on the syntheses of a multidentate water-soluble pocket for 

lanthanide(III) complexes. The ligand system extends the aforementioned studies by 

using a single multi-chelate in place of multiple tri-/bi-dentate ligands as an effort to 

increase the stability of the complexes in solution state and thus creates a platform for 

exploring the non-triplet ILCT energy transfer pathway for lanthanide(III) luminescence 

sensitization in water to expand the scope of potential applications. 
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ACN acetonitrile 

a.u. arbitrary unit 

PhCl chlorobenzene 

CHCl 3 chloroform 

CH2Cl2 dichloromethane 

DMSO dimethyl sulfoxide 

DMF dimethylformamide 

ESI electron spray ionization 

EA ethyl acetate 

PhF fluorobenzene 

K kelvin 

MS mass spectroscopy 

m/z mass-to-charge ratio 

MeOH methanol 

ms microsecond 

mmol millimole 

ms millisecond 

m multiplet 

nm nanometer 

ns nanosecond 

NMR nuclear magnetic resonance 
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s singlet 

THF tetrahydrofuran 

TTA  2-thenoyltrifluoroacetonate 

t triplet 

UV-vis ultraviolet-visible 
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1. Introduction to Lanthanides 

 

1.1. General Background 

The lanthanides represent the elements with atomic number 57-71 sitting on the 

first row of the f-elements in the periodic table. Their 4f orbitals are progressively filled 

along the series with notable exceptions at gadolinium ([Xe] 4f7 5d1 6s2) and lutetium 

([Xe] 4f14 5d1 6s2) due to orbital stability brought about by half-filled and full-filled 4f 

subshells. Lanthanides are predominantly found in their most stable trivalent oxidation 

state (Ln(III) ), and the chemistry of lanthanides hence encompasses the electronic 

configuration of [Xe] 4fn (n = 0 ï 14), which gives rise to unique physical and chemical 

properties.1 

1.2. Electronic Properties 

The 5s and 5p orbitals of the Xe core have a larger radial expansion than the 4f 

orbitals and are shielded from the nucleus by the latter, so, as the atomic number increases 

along the lanthanide series, the increase in effective nuclear charge leads to a decrease in 

ionic radii of Ln(III)  which is termed as ólanthanide contractionô (Table 1.1). The 4f 

electrons, conversely, are well-shielded from outermost interaction by the 5s and 5p 

electrons and are considered to have no participation in bonding, leading to spectroscopic 

and magnetic properties independent of the proximal environment. Interactions of the 

highly electropositive Ln(III)  ions with ligands are thus mainly ionic with preference for 

óhardô donor ligands with minimal perturbation to the 4f orbitals. 
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Table 1. 1 Ionic radii of Ln(III) (pm) 1 

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

103.

2 

101.

0 

99.0 98.3 97.0 95.8 94.7 93.8 92.3 91.2 90.1 89.0 88.0 86.8 86.1 

 

In the 4fn configurations of Ln(III)  ions, each electron can be associated with one 

of the seven 4f orbitals. Such association is characterized by a set of ótotalô quantum 

numbers used in a polyelectronic system2: L (total orbital angular), ML (total magnetic 

orbital angular momentum), S (total spin angular momentum) and MS (total magnetic spin) 

and is summarized in the form of a spectroscopic term, i.e. 2S+1L. The multiplicity of a 

spectroscopic term, (2S+1) x (2L+1), denotes the number of micro states of similar 

energies the term regroups, and the sum of the total micro states every spectroscopic term 

contains in an electronic configuration is the degeneracy of the configuration, which for 

the 4f5 configuration of Sm(III)  can be calculated as: 

τὰ ςȦ

ὲȦτὰ ς ὲȦ

ρτȦ

υȦρτυȦ
ςππς 

The calculation of all 2002 micro states is feasible but tedious; the calculation of 

the ground state term symbol, however, is made easier by obeying the Hundôs rule, which 

states the ground state has 1) the largest spin multiplicity and 2) the largest orbital 

multiplicity. For Sm(III) , the largest spin multiplicity S is 5 x 1/2 = 5/2 and the largest 

orbital multiplicity L is 5 (as the f electrons are associated with orbitals with magnetic 

quantum numbers +3, +2, +1, 0 and -1). The ground state term symbol of Sm(III)  is thus 

6H. 
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The Russell-Saunders coupling scheme is used to approximate the separate 

coupling of spin angular momenta (S) and orbital angular momenta (L) in light atomic 

systems with negligible spin-orbit coupling. However, in heavy systems like the 

lanthanides, spin-orbit coupling becomes significant and a new total angular momentum 

quantum number (J = L + S, L + S ï 1, é, |L-S|) is put forward to account for the 

interaction which further splits the ground state term symbol in various spectroscopic 

levels with a multiplicity of (2J+1).  

The third rule of Hundôs rule states that Jmin is lowest in energy if the outermost 

subshell is less than half-filled and Jmax is lowest in energy on the contrary. If the subshell 

is half filled, L = 0 and J = S. Thus for Sm(III) , the ground state energy level is 6H5/2. 

Similarly, the ground state energy levels of the Ln(III)  series are summarized in Table 1.2. 

Table 1. 2 Selected electronic properties of Ln(III) 

Ln(III)  (electronic 

configuration) 

S 2S+1 L Jmax, Jmin 2S+1LJ 

Ce(III)  (4f1) 1/2 2 3 7/2, 5/2 2F5/2 

Pr(III)  (4f2) 1 3 5 6, 4 3H4 

Nd(III)  (4f3) 3/2 4 6 15/2, 9/2 4I9/2 

Pm(III)  (4f4) 2 5 6 8, 4 5I4 

Sm(III)  (4f5) 5/2 6 5 15/2, 5/2 6H5/2 

Eu(III)  (4f6) 3 7 3 6, 0 7F0 

Gd(III)  (4f7) 7/2 8 0 7/2, 7/2 8S7/2 

Tb(III)  (4f8) 3 7 3 6, 0 7F6 

Dy(III)  (4f9) 5/2 6 5 15/2, 5/2 6H15/2 

Ho(III)  (4f10) 2 5 6 8, 4 5I8 

Er(III)  (4f11) 3/2 4 6 15/2, 9/2 4I15/2 

Tm(III)  (4f12) 1 3 5 6, 4 3H6 
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Yb(III)  (4f13) ½ 2 3 7/2, 5/2 2F7/2 

Lu(III)  (4f14) 0 1 0 0, 0 1S0 

 

1.3. Coordination Properties 

 Ln(III)  ions are highly electropositive Lewis acids with a high charge density that 

increases across the series due to lanthanide contraction. The f electrons are localized 

óinsideô 5s and 5p orbitals and do not participate in bonding. Ln(III)  interact preferentially 

with hard Lewis bases (in the order of O > N > S)3 in an electrostatic fashion, hence the 

bonding interaction is non-directional and the coordination number varies from 6-12 (8-9 

being most common) with steric factors and the ionic radius of Ln(III)  taken into 

consideration as well; multidentate ligands are thus commonly designed to form stable 

Ln(III)  complexes by chelate effect. Selected representative examples of Ln(III)  

coordination compounds are shown in Figure 1.1.  
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Figure 1. 1 Representative examples of chromophore-incorporated multidentate ligands2 

1.4. Optical Properties 

1.4.1. Absorption 

In 1934, the absorption spectra of the whole Ln(III)  series in solution in the range 

of 200 ï 700 nm were obtained by Prandtl and Scheiner,4 showing a symmetric pattern of 

a blue-shift in absorption from Ce(III)  and Yb(III)  towards Gd(III) . The sharp absorption 

bands were attributed to transitions within the 4fn configuration, so-called 

intraconfigurational 4fN-4fN transitions (simplified as f-f hereafter), and such transition is 

forbidden according to Laporteôs rule as the initial and final states are of the same parity, 

hence the molar extinction coefficients of Ln(III)  are quite low (e å 1-10 L mol-1 cm-1). 
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The absorption spectra are still observable, however, due to the relaxation of Laporteôs 

rule by spin-orbit coupling which is more pronounced in heavier elements. 

1.4.2. Emission 

 The emission of trivalent lanthanides covers a wide spectral range from the UV 

(Gd(III)), visible (Pr(III), Sm(III), Eu(III), Tb(III), Dy(III) and near-infrared (Nd(III), 

Er(III), Yb(III)), with some being dual-emissive ï i.e. capable of emitting in both the 

visible and NIR region. The nature of Ln(III)  emission can be characterized as 

fluorescence (DS = 0) or phosphorescence (DS Í 0) yet Ln(III)  emission is commonly 

referred as luminescence as to avoid confusion with the photophysics of other elements 

or organic compounds.  

A unique feature of Ln(III)  emission is their sharp emission lines. Itôs because the 

4f orbitals are well-shielded from the environment and experience great nuclear attraction, 

therefore the internuclear distance of the molecule at excited state is very similar to that 

at ground state, resulting in small or negligible (environment-dependent) Stokes shift. 

Like absorption, f-f emissions are also governed by parity selection rules. The f-f 

emissions of Ln(III)  are achieved by either the even-parity magnetic dipole, odd-parity 

electric dipole or the electric quadrupole mechanism. Spin-orbit coupling relaxes the 

Laporte-forbidden electric dipole (ED) mechanism as the symmetry is broken through 

non-centrosymmetric interactions and the f-orbitals would mix with some d-orbitals, 

hence the transition then becomes partially allowed, so-called a forced electric dipole 

transition which could be mathematically represented as w[4fN(i)] + x[4fN-15d(i)] Ą 

y[4fN(f)] + z[4fN-15d(f)] (where w >> x and y >> z).5,6 The oscillator strength of a forced 

ED transition is approximately 10-4 times of a fully allowed ED transition. Magnetic 
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dipole (MD) and electric quadrupole (EQ) transitions (considered simply as two dipoles 

arranged in a fashion that cancel out each other) are parity-allowed; the former is weak, 

yet the latter is often too weak to be observed (with oscillator strengths at around 10-6 and 

10-10 times of a fully allowed ED transition). Table 1.3 describes the selection rules 

simplified by Judd7 and Ofelt8 for the forced ED transitions. 

Table 1. 3 Selection rules for f-f transitions via ED, MD or QE transitions 

Forced Electric Dipole (ED) 

Transitions 

Magnetic Dipole 

(MD) Transitions 

Electric Quadrupole (EQ) 

Transitions 

|DS| = 0 DS = 0 |DS| = 0 

|DL| Ò 6; 

|DL| = 2, 4, 6 if L = 0 or Lô = 0 

DL = 0 |DL| Ò 2 

|DJ| Ò 6; 

|DJ| = 2, 4, 6 if  J = 0 or Jô = 0 

DJ = 0, ± 1 |DJ| Ò 2 

 

Some f-f transitions are very sensitive to the environment such as symmetry and 

ligand field, and are referred to as hypersensitive transitions. Jorgensen and Judd also refer 

these transitions as pseudo-quadrupole transitions as they obey the selection rules for EQ 

transitions9 but with intensities larger than ordinary EQ transitions by several orders of 

magnitude. The sensitivity is reflected in the transitionsô intensities, spectral shifts and 

band shape. The intensity of hypersensitive transitions is zero if the Ln(III)  is at a center 

of symmetry but could also be enhanced 200 times relative to the aqua ions. Some 

transitions which are not usually hypersensitive, such as those of Nd(III) and Pr(III), show 

marked sensitivity to minute changes in the coordination environment, and a possible 

explanation is the presence of ligands in the coordination sphere would mediate 
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pseudohypersensitivity by increasing the oscillator strength of the transitions, suggesting 

an increased nephelauxetic effect (4f orbital covalency) that leads to intensifying the 

hypersensitive transitions. Eu(III) is one of the most used trivalent lanthanide emitting 

centers for having decent quantum yields and a hypersensitive transition in the visible 

region. The f-f transitions from the 5D0 excited state of Eu(III) are summarized in Table 

1.4. 

Table 1. 4 Features of f-f transitions from 5D0 level of Eu(III) 1, 10 

Transition Character Spectral 

Region 

(nm) 

Relative 

Intensity 

Remarks 

5D0 Ą 7F0 ED 577-581 Very weak Non-degenerate; absent in 

high symmetry 

5D0 Ą 7F1 MD 585-600 Strong Intensity largely 

independent of 

environment 

5D0 Ą 7F2 ED 610-625 Very weak to 

very strong 

Hypersensitive; absent if 

Eu(III) is on inversion 

center 

5D0 Ą 7F3 ED 640-655 Very weak Forbidden transition 

5D0 Ą 7F4 ED 680-710 Medium to 

strong 

Sensitive to environment 

5D0 Ą 7F5 ED 740-770 Very weak Forbidden transition 

5D0 Ą 7F6 ED 810-840 Weak Hypersensitive; absent if 

Eu(III) is on inversion 

center; rarely measured 

and observed 
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1.5. Antenna Effect 

As mentioned above, the forbidden nature of f-f transitions gives Ln(III)  

characteristic line-like emission profiles and is also the reason for their long emission 

lifetimes. The poor light absorbing ability, however, stands between a convenient 

excitation source and the unique emission properties. Direct excitation of Ln(III)  by laser 

(high power and narrow spectral width) is possible but not practical for applications. This 

problem could be solved by introducing a chromophore (antenna) at proximal distance to 

harvest light and transfer its excited energy towards the Ln(III)  and decay radiatively via 

f-f transitions, a process also termed as sensitization. A Jablonski diagram depicting the 

processes involved in the antenna effect is shown in Figure 1.2. 

 

Figure 1. 2 A simplified Jablonski depicting possible processes involved in the antenna effect. 

A ï absorption, F ï fluorescence, P ï phosphorescence, L ï luminescence, NR ï non-radiative 

deactivation, 1S ï first excited singlet state, 3T ï lowest excited triplet state, ISC ï intersystem 

crossing, ET ï energy transfer, BET ï back energy transfer. Dotted arrows describe non-

radiative processes. 
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1.5.1. Energy Transfer Pathways 

The most common energy transfer pathway from the chromophore to Ln(III) 

involves the excited triplet state of the former. Excitation of the chromophore through 

Laporte and spin-allowed absorptions is followed by the formation of an excited triplet 

state via intersystem crossing (ISC) ï a spin-forbidden process facilitated11 by the spin-

orbit coupling of the nearby heavy atom such as Ln(III). The excited energy is then 

transferred to the Ln(III)ôs accepting states via several mutually non-exclusive 

mechanisms and subsequent radiative decay would yield characteristic f-f emissions. 

According to Latvaôs12 empirical rule, from the library of ligands the authors screened, 

the gap between the chromophoreôs lowest triplet state and the accepting state of Ln(III) 

should be in the range of 2500 ï 4000 cm-1. If the difference is too large, energy transfer 

would not be favorable and if the difference is too small, thermally-promoted back energy 

transfer may become efficient.  

Energy transfer can also take place from the excited singlet state directly to the 

Ln(III), as proposed by Kleinerman13 in 1969 after studying the solutions of more than 

600 chelate systems, provided that the accepting levels of Ln(III) is lower than the lowest 

excited singlet state and such energy transfer pathway may predominate if the rate of 

intersystem crossing is less than 1011 sec-1. Direct sensitization from the singlet state was 

also observed by other groups.14-17 Besides, intra-ligand charge transfer states of the Ln(III) 

complex and the metal to ligand charge-transfer states of transition metal complexes were 

also shown to be antennae for sensitizing Ln(III) luminescence. 
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1.5.2. Energy Transfer Mechanisms 

 There are two distance-dependent mechanisms (Figure 1.3) through 1which the 

excited energy of the chromophore is transferred to the trivalent lanthanide center. Firstly, 

a double-electron exchange mechanism requiring orbital overlap between the 

chromophore (donor) and Ln(III) (acceptor) is proposed by Dexter. Since this interaction 

requires physical contact between the two, the separation distance (r) has a dependence 

of e(-2r/L). The other mechanism, in comparison, is a óthrough spaceô interaction that does 

not require orbital overlap, but the overlap of the emission spectrum of donor and the 

absorption spectrum of acceptor ï Förster mechanism18,19. Energy transfer proceeds via a 

coulombic interaction in which the dipole moment of the excited triplet state induces a 

dipole in the acceptor with its rate of transfer proportional to r-6. As the absorption of the 

f-f transitions is quite sharp and situated at scattered regions along the spectrum, it is 

reasonable that reaching the spectral overlap required for Förster mechanism is less easily 

achieved, so the Dexter mechanism, with a harsher distance-dependence, is more common, 

directly influencing the design strategy of incorporating the chromophore into the ligand. 

 

Figure 1. 3 Graphical representation of the Förster and Dexter mechanisms 
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All excited states involved in the sensitization process are susceptible to 

quenching. The excited singlet state of the antenna can be quenched by its own 

fluorescence if the rate of intersystem crossing is much lower than its radiative decay. It 

could also be quenched by colliding with halide ions, resulting in an electron transfer from 

the halide anion to the excited chromophore. Intramolecular electron transfer may also 

occur, with the donor being the excited singlet state and the acceptor another part of the 

molecule. The excited triplet state could also be quenched by molecular oxygen, forming 

singlet oxygen as a result. 

1.6. Non-Radiative Quenching of Excited States 

 Furthermore, the emitted states of Ln(III) are also quenched by harmonics of high 

energy vibrational oscillators, such as O-H, N-H, C-H ï which are commonly found in 

organic chelates ï in proximity. The energy gap law20 describes the relationship between 

the DE of the emitting state and the next lower state and the energy of oscillators that may 

cause multiphonon relaxation. As a rule of thumb21, the emitting level would decay 

radiatively if the DE with the next lower energy level exceeds four vibrational quanta of 

the highest energy oscillator. Initially developed for aromatic hydrocarbons, it is 

applicable onto Ln(III) compounds as well as the energy levels are unperturbed by the 

molecular environment. Non-radiative multiphonon relaxation by harmonics of the high 

energy oscillators becomes prominent when certain harmonics resonate with the emitting 

states of Ln(III); and the less harmonics required to reach resonance, the more efficient 

the quenching. A numerical representation of applying the energy gap law onto trivalent 

lanthanides is presented in Table 1.5 and Figure 1.4 show a graphical example of how the 
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third harmonic of O-H matches with the 5D0 level of Eu(III), competing with radiative 

decay for deactivation of the excited state. 

 

Figure 1. 4 Graphical representation of the DE between the excited states of Eu(III) and 

the next lower state with harmonics of O-H and O-D oscillators 

Since three vibrational quanta of O-H oscillator are required only compared to five 

of O-D, this explains why europium(III) complexes have longer emission lifetimes and 

higher quantum yields in deuterated water. To avoid solvents ï mainly water ï entering 

the first coordination sphere of Ln(III) and quenching its luminescence, macrocyclic 

ligands are often devised to protect the trivalent center from solvent molecules by having 

a rigid skeleton and fulfilling the coordination capacity of the trivalent lanthanide center. 
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Table 1. 5 Relationship between DE of Ln(III) and harmonics of O -H and O-D oscillators 

in luminescence quenching reflected by emission lifetimes2 

Ln(III)  DE (cm-1) No. of Phonons Emission Lifetimes (ms) 

 OH OD H2O D2O 

Gd(III)  32,100 9 15 2,300 / 

Tb(III)  14,800 4 7 467 3,800 

Eu(III)  12,300 3-4 5-6 108 4,100 

Yb(III)  10,250 3 4.5 0.17 3.95 

Dy(III)  7,850 2-3 3-4 2.6 42 

Sm(III)  7,400 2 3 2.7 60 

Er(III)  6,600 2 3 / 0.37 

Nd(III)  5,400 1-2 2-3 0.031 0.14 

  

While multiphonon relaxation quenches Ln(III) luminescence, it is also a useful 

phenomenon in determining the number of coordinated water molecules q, which could 

be measured with the emission lifetimes of the Ln(III) compounds in H2O and D2O using 

equations derived by various groups with a general relationship: 

q = A[(1/tH2O) ï (1/tD2O) ï B] - C 

where A, B and C are constants related to the inner-sphere contribution, presence of 

vibrational oscillators around and out-sphere contribution respectively. The number of 

other oscillators are also taken into consideration in several formulae. Water-insoluble 

compounds could also use the relationship with methanol. Selected equations for 

determining the number of coordinating water and methanol molecules are shown below: 

qEu(III) = 1.2[1/tH2O)-(1/tD2O)-0.25-0.075n(NH]]22 

qEu(III) = 1.11 [(1/tH2O)-(1/tD2O)-0.31+0.45n(OH)+0.99n(NH)+0.075n(O=CNH)]23 
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qLn(III)  = 5.0[1/tH2O)-(1/tD2O)-0.06]; 

qSm(III) = 0.026(1/tH2O)-1.624 

qSm(III) = 0.0225[1/tH2O)-(1/tD2O)-31.5]25 

qYb(III)  = 1.0[1/tH2O)-(1/tD2O)-0.2]26 

mLn(III)  = A[(1/tMeOH)-(1/tMeOD)-0.125); A = 8.4, 2.4, 0.05 ms for Tb(III), Eu(III), 

Sm(III)27, 28 

1.7. Quantum Yield of Lanthanide Luminescence 

 The emission efficiency of a fluorophore is termed as fluorescence quantum yield, 

defined as: 

ɮ
ὲόάὦὩὶ έὪ ὴὬέὸέὲί ὩάὭὸὸὩὨ

ὲόάὦὩὶ έὪ ὴὬέὸέὲί ὥὦίέὶὦὩὨ
 

For lanthanide complexes, the entities responsible for absorbing and emitting the 

photons are different and therefore the above definition is strictly non-applicable. The 

overall quantum yield of a complex (ɮ ) could also be obtained experimentally by 

absolute or relative measurements but information regarding the efficiency of energy 

transfer during antenna effect, luminescence quenching at the Ln(III) excited states and 

other processes involved (Figure 1.2) are not implied.  

ɮ – –ὗ – ὗ  

The overall quantum yield of a lanthanide complex relates the efficiency of 

sensitization with the intrinsic quantum yield of the Ln(III) center (obtained 
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experimentally by direct excitation). The sensitization efficiency, –  , is defined as the 

product of 1) –  ï the efficiency of populating the donor level which energy transfer to 

the Ln(III) takes place, e.g. the triplet state for a triplet-mediated pathway; and 2) ʂ  ï 

the energy transfer efficiency from the donor level to the Ln(III) accepting states. The 

sensitization efficiency could be measured by obtaining both the overall quantum yield 

and intrinsic quantum experimentally, or calculated with lifetimes: 

–
ὗ

ὗ
ὗ
†

†
 

 The observed lifetimes are obtained experimentally via antenna effect. The 

radiative lifetime, on the other hand, relates to the spontaneous emission from an initial 

state to a final state, such are the excited and ground state multiplets of Ln(III), governed 

by Einsteinôs coefficient. Mathematical derivation of the relationship could be found in 

references 29 and 30 and a simplified relationship31 regarding Eu(III) is shown below, 

due to the 5D0 Ą 7F1 transition having a purely magnetic dipole character: 

ρ

†
ὃ ȟϽὲ

Ὅ

Ὅ
 

where AMD,0 is the spontaneous emission probably (Einstein coefficient) for the 5D0 Ą 7F1 

transition (14.65 s-1), n is the refractive index and I tot and IMD are the integrated intensities 

of all the 5D0 Ą 7FJ transitions and just the 5D0 Ą 7F1 transition respectively. 

  As a result, with the sensitization efficiency deducible from experimental lifetime 

measurements and luminescence spectra, and the overall quantum yield obtained from 

relative or absolute measurements, the intrinsic quantum yield can be found without using 

direct excitation means. These parameters provide important information for evaluating 



29 

 

the sensitization process in antenna effect, as the extent of quenching of the chromophore 

and lanthanide excited states can be revealed by the sensitization efficiency and the 

intrinsic quantum yield respectively. 

1.8. Spectroscopic Techniques 

1.8.1. Luminescence Quantum Yields 

Many radiative and non-radiative deactivation processes are involved after 

photoexcitation of a chromophore (vide supra) and luminescence quantum yield describes 

the probability that the excited state of the chromophore is deactivated through energy 

transfer to the trivalent lanthanide center and subsequent lanthanide f-f emission. The 

most common and convenient way to measure quantum yields is by the relative method,32 

in which a well-characterized standard with a known quantum yield is compared.  

The ideal pre-requisite is that both the excitation and emission range of the 

standard and the sample should be the same in order to minimize the difference in 

sensitivity of the spectrophotometer in different spectral range. Quantum yield standards 

should also be cross-calibrated to ensure of their stability and quality prior to 

measurements. It is vital to keep the excitation and emission slit widths the same 

throughout the experiment to maintain the validity of the comparison. The absorbances of 

the samples should be kept at 0.1 or lower to avoid the inner-filter effect, as self-

absorption will occur and the ratio of photons absorbed and emitted will vary as the effect 

decreases with lower concentration. 

ɮ ɮ
ά

ά

ὲ

ὲ
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 The relationship between the quantum yield of the sample (ɮ ) and the standard 

(ɮ ) could be found above, where n is the refractive index and m is the gradient of the 

integrated intensities against absorbances. Table 1.6 shows some common quantum yield 

standards; note that the quantum yields vary with different solvent, concentration of 

sample and excitation wavelength. 

 The absolute quantum yield can be measured with an integrating sphere.39,40 The 

interior of the integrating sphere is coated with a material of close to 100 % reflectance 

(barium sulfate or Teflon), thus the light that enters from the sphere to the detector would 

be proportional to the total photons emitted for both isotropic and anisotropic emissions. 

The absolute quantum yield can be calculated with measurements of the blank and sample 

in the integrating sphere41: 

ɮ
ὍὍ ὍὍ

ὍὍ ὍὍ
 

where Id, Ib are the integrated intensities of the sample and blank (solvent or specific blank 

with identical material as the sphere coating) respectively and I i is the integrated intensity 

of the emission spectrum obtained when the excitation light is directed onto the wall of 

the integrating sphere whilst the sample is placed within in order to take into account the 

possible emission arising from re-excitation of the sample by reflected excitation light 

inside the sphere. 
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Table 1. 6 Common quantum yield standards used in relative measurements 

Compound Solvent Literature 

QY 

Emission Range 

(nm) 

Ref. 

Quinine sulfate 0.1 M H2SO4 0.546 400-600 33 

[Ru(bpy)3]Cl2 Aerated water 

De-aerated water 

0.028 

0.043 

550-800 34, 35 

Cs3[Tb(dpa)3] Aerated water 0.22 480-670 36, 37 

Cs3[Eu(dpa)3] Aerated water 0.24 580-690 36, 37 

[Yb(tta)3(H2O)2] Toluene 0.0035 950-1080 38 

 

1.9. Applications of Lanthanide Luminescence 

1.9.1. Optical Imaging 

 Trivalent lanthanides, especially Eu(III) and Tb(III) due to their higher quantum 

yields, are excellent alternatives for organic fluorophores and quantum dots for optical 

imaging probes due to their various characteristics. First and foremost, they exhibit 

sufficiently high quantum yields to serve the main purpose of imaging. Second, Ln(III) as 

emitters do not suffer from photobleaching, a phenomenon in which the fluorophore 

becomes unable to fluoresce due to prolonged photo-damage. Third, careful design of 

ligand gives the Ln(III) compound rigidity, increased brightness, high water-solubility 

and low cytotoxicity. Fourth, the long emission lifetimes of Ln(III), from microseconds 

to seconds, allow differentiation from other background fluorescent entities such as 

proteins with autofluorescence in the nanosecond range by time-resolved spectroscopy ï 

a technique utilizing pulsed excitation and time-gated technology to manipulate signal 

detection in controlled time windows (Figure 1.5). 
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Figure 1. 5 Time-resolved emission detection42 

 Last but not least, the intrinsic property of hypersensitive emissions coupled with 

the above advantages put Ln(III) as the front-runner amongst other fluorophores. By 

designing the sensing and/or probing sites near the Ln(III) center with hypersensitive 

transitions, the environmental changes which corresponds to structural or geometrical 

modifications would be reflected in the intensities of the hypersensitive transitions and 

more systematically by the ratio between the hypersensitive transitions and the 

environmental-independent magnetic dipole transitions; Eu(III) is an excellent candidate. 

Tb(III), without hypersensitive transitions however, has generally higher quantum yields 

than Eu(III) and are used commonly as ratiometric probes. Excellent reviews on utilizing 

the aforementioned properties for optical sensing and imaging purposes can be found in 

references 43-47. 

While multiphoton excitation is not considered as an intrinsic property of the 

lanthanides, it is however a rather ubiquitous idea that hovers around their applications, 
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especially optical imaging. The main advantage of multiphoton excitation is the 

circumvention of using high energy excitation in the UV region ï preventing tissue 

damage ï and replace it with a lower energy excitation source which is also more tissue-

transparent, leading to better excitation efficiency.  

1.9.2. Magnetic Resonance Imaging 

Magnetic resonance imaging (MRI) is a powerful in vivo imaging tool for 

visualizing anatomical structures in the medical field without subjecting the live body to 

ionization radiation. Protons of water molecules in the body are aligned by a strong 

magnetic field and the unmatched spins are pulsed with a matching radio frequency and 

signals will be detected by a scanner. Different protons in different environments will 

produce different signal intensities and result in a three-dimensional image contrast. 

Contrast agents are often used to enhance the image contrast by increasing the rate of 

relaxation of water protons.  

Gadolinium(III) compounds are common contrast agents due to the large number 

of unpaired electrons (4f7 configuration) and large magnetic moment of Gd(III), 

efficiently relaxing nearby nuclei and shortening T1 relaxation times which involves 

through space dipole-dipole interaction. The access to inner-sphere water molecules also 

leads to larger relaxivity values, hence the design of Gd(III) compounds must reserve 

sufficient space for water molecules to penetrate to the inner coordination sphere but 

retain adequate stability to the Gd(III) to prevent toxic leaching of the free ion.  

Recently, the development of Eu(II), isoelectronic with Gd(III), as an MRI 

contrast agent is gaining pace.49-53 The Eu(II) center is susceptible to oxidation to form 

the diamagnetic Eu(III) which has little enhancement effect and therefore ligands should 
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provide equally sufficient chelate and redox stability to the Eu(II) center. Selected 

examples of Eu(II)-based and clinically approved Gd(III)-based54 contrast agents are 

shown in Figure 1.6. 

 

Figure 1. 6 Selected Eu(II)-based and clinically approved Gd(III)-based MRI contrast 

agents 

1.9.3. Organic Light Emitting Diodes 

An organic light emitting diode (OLED) is a light emitting diode (LED) with an 

organic electroluminescent emitting layer. Electrons and holes are injected from the 

cathode and anode respectively in the presence of a voltage bias and recombine at the 

emissive layer after being transported through the transport layers. Charge recombination 

leads to formation of excitons and they deactivate via light emission (Figure 1.7). The 

emission layer of early OLEDs are made of fluorescent materials (singlet-singlet 
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deactivation) and theoretically only 25 % of the excitons will be deactivated as 

fluorescence whereas the remaining 75 % at the triplet state will decay through non-

radiative deactivation.55 Like transition metal complexes, lanthanide complexes offer to 

utilize the 75 % of exciton for light emission as well due to their intrinsic properties, 

drastically increasing the quantum efficiency and one of the first OLEDs with a Ln(III)-

based emissive layer is presented by Kido56 and coworkers in 1990, utilizing a 

Tb(acac)3(phen) complex. Since then, many research groups have focused on developing 

Ln(III) -based complexes as the emissive layer due to their ability to harness the triplet 

excitons as well by antenna effect and high color purity (monochromaticity), such as 

Tb(III),57 Eu(III),58,59 Sm(III) 60 and Dy(III)61 complexes. Furthermore, a combination of 

several of these Ln(III)-based complexes at a certain ratio to form one emissive layer 

would generate white light. 

 

 

Figure 1. 7 Diagram showing an OLED device set-up and the structure of Tb(acac)3(phen) 
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2. Triazine-based Ligands and Complexes 

Triazine is a group of heterocyclic compounds with a general formula of C3N3 and 

3 possible isomers: 1,2,3-triazine, 1,2,4-triazine and 1,3,5-triazine (s-triazine). The work 

in this thesis envelopes a ligand structure with an s-triazine (hereafter referred simply as 

triazine) core, which is used in extensive applications62 such as materials (plastic and 

rubber syntheses), textile, pharmaceutical, and, more commonly, pesticides. Its use in 

coordination chemistry is popular as well and in this work, it is chosen as the core structure 

to form an auxiliary tridentate ligand which resembles the commonly used 2,2ô:6ô,2ôô-

terpyridine ligand ï a tridentate planar ligand widely used in coordination chemistry. 

Despite that terpyridine and its derivatives are commercially available, the variation in 

terpyridine-related ligands is mostly lateral and derivatives with modifications at the 4-

position are either expensive or difficult to synthesize. s-Triazine offers much flexibility 

in structural modifications due to the relative ease in synthetic procedures. This chapter 

will discuss about the choice of triazine as the ligand skeleton and the syntheses of 

triazine-based ligands and complexes used for subsequent chapters. 

2.1. General Properties 

Cyanuric chloride (2,4,6-trichloro-1,3,5-triazine) is the starting material used for 

the syntheses of triazine-based compounds and is commonly made by the trimerization of 

cyanogen chloride (NCCl). It is readily available at commercial sources, so its synthesis 

will not be discussed here. It is soluble in acetonitrile, tetrahydrofuran, dioxane, acetic 

acid and absolute ethanol, although not stable in the latter two solvents. It also hydrolyzes 

in water into cyanuric acid (1,3,5-triazine-2,4,6-trione) and hydrochloric acid above 10 

°C and interestingly, the hydrolysis does not stop until all three chlorine atoms have been 
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hydrolyzed without increasing the temperature, rather than the three displacements having 

incremental activation energies. Reaction with alcohols yields cyanuric acid and the 

corresponding halide along with violent heat generation. 

As the acid chloride of cyanuric acid, the chlorine atom is much more reactive 

than alkyl chloride but is less reactive than acyl chlorides and by no means are they similar 

to the inert aromatic halogens such as 1,3,5-trichlorobenzene. The reaction of cyanuric 

chloride with secondary amines can be summarized in a rule of thumb deduced from 

multiple literature reports,63,64 the sequential substitution of the chlorine atoms could be 

estimated as: the first and second chlorine atoms are substituted at 0 °C and around 30-50 

°C respectively, while the third and final chlorine atom may not be substituted at all even 

at 100 °C.65 This relationship does not hold for all experimental conditions; in this work, 

nonetheless, the rule is adequately applied in tetrahydrofuran. While steric factors play a 

predominant role in the substitution with aliphatic amines, the basicity should also be 

considered for aromatic amines. If the basic character of the aromatic amine is 

significantly weakened in the product, then the reaction may not occur.  

2.2. Synthesis of N-N-N Tridentate Triazine-Based Ligands 

To mimic the tridentate structure of terpyridine, pyrazole was chosen as the 

heterocycle to complement the side units due to their potential in further modifications at 

different positions of the pyrazole ring compared to pyridine. According to the above 

information, substitution of the chlorine atoms is, to a certain degree, temperature-

dependent, so a straightforward attempt is to deprotonate the pyrazole and use it to attack 

the triazine core. Pyrazole, a weak base itself, is deprotonated by potassium metal and the 

resulting pyrazolide was reacted with cyanuric chloride. In tetrahydrofuran, which both 
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cyanuric chloride and pyrazole were readily soluble, a careful control over the 

stoichiometry would give the di-substituted product WSL001 (2-chloro-4,6-bis(3,5-

dimethyl-1H-pyrazol-1-yl)-1,3,5-triazine) as the main product even at refluxing 

temperature. WSL001 could also be synthesized in a much milder condition66 ï 

demonstrating the peculiar reactivity of cyanuric chloride in different solvents ï with N,N-

diisopropylethylamine (DIPEA) as the base in toluene at room temperature. The latter 

method, however, requires slow addition of the 3,5-dimethylpyrazole to avoid formation 

of the tri-substituted product.  

 

Scheme 2. 1 Synthetic routes for WSL001-003 

In this thesis, the main modifications of the chlorine atom on the 2-position are 

replacing it with a phenyl ring or an N,N-diethylaniline. There are two possible approaches: 

pyrazole-substitution first or 2-position modification first; however, the reactivity of the 

chlorine atoms varies with different reaction conditions and hence several synthetic routes 

were investigated: 
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2.2.1. n-Butyllithium 

 

Scheme 2. 2 Syntheses of WSL004, WSL006-008 using n-butyllithium  

In Scheme 2.2, 4-bromo-N,N-diethylaniline was deprotonated by n-butyllithium 

in THF at -78 °C and dropped slowly into cyanuric chloride at -78 °C. The reaction was 

very reactive as color change was rapidly observed as soon as the drop entered the 

cyanuric chloride solution. The extent of substitution was efficiently controlled by 

stoichiometry, temperature and the rate of addition, with the mono-substituted product 

obtained as the major product with a 40 % yield. WSL004 was then attacked by potassium 

3,5-dimethylpyrazolide to give WSL006. It should be noted that, reversal of these two 

steps will not give WSL006 as the high basicity of the presence of organolithium reagents 

may cleave the C-N bond between the triazine and pyrazole, resulting in undesirable 

fragments and a much lower yield. By changing the pyrazole used in the above scheme, 

WSL007 and WSL008 can also be synthesized. 
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2.2.2. Grignard Reaction 

Scheme 2. 3 Syntheses of WSL004-006 using Grignard reagents 

The low temperature requirement for the above reaction is critical because n-

butyllithium will deprotonate and eventually degrade THF ï our solvent of choice due to 

its great solubility and selectivity. Therefore, another nucleophile is being considered. 

With the same starting material, a Grignard reagent, 4-(diethylamino)phenylmagnesium 

bromide, was generated in situ with magnesium metal in THF, which was subsequently 

dropped into cyanuric chloride in THF to give WSL004 as the major product if the 

reaction temperature was maintained at 0 °C. The same experimental conditions were 

applicable to synthesize the phenyl analog WSL005 (2,4-dichloro-6-phenyl-1,3,5-triazine) 

with commercially available phenylmagnesium bromide. Similarly, subsequent 

nucleophilic substitution of the two chlorine atoms by appropriate potassium pyrazolides 

gave WSL009 ï WSL0011. While Grignard reagents are not as destructive as 

organolithium reagents due to their lower basicity, the third chlorine atom could still not 

be substituted, even at reflux temperature. Temperature, however, may not be such a 

deciding factor as the synthesis of WSL001 could result in the tri-substituted product even 

at room temperature. Reports of using Grignard reagents to substitute the third chlorine 

atom could not be found as well. 
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Scheme 2. 4 Syntheses of WSL009-011 using Grignard reagents 

2.2.3. Suzuki Coupling 

 

Scheme 2. 5 Synthesis of WSL004-005 by Suzuki Coupling 

The reactivity of the chlorine atom does not limit modifications by nucleophilic 

substitution, the replacement of the C-Cl bond could be achieved by palladium-assisted 

cross-coupling,67 too, treating it as an aryl chloride. A phenyl ring can be coupled onto 

the cyanuric chloride with good control of stoichiometry, and the temperature has little 

effect on the extent of substitution, so the phenyl ring could be coupled after incorporation 

of pyrazole on the triazine core. By changing phenylboronic acid to 4-

(diethylamino)phenylboronic acid, WSL004 was also synthesized, although in a lower 

yield due to the lower quality of boronic acid available commercially (15 %). The low 

yield could also be attributed to the chelation of the palladium catalyst by the tridentate 

ligand. 
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2.3. Synthesis of S-N-S/S-N-N Triazine-Based Ligands 

 The previous section discusses the synthesis of N-N-N ligands, which are 

relatively hard donors that trivalent lanthanide ions prefer to bind, and the first chapter 

also discusses the rather irrelevant role f-electrons play in the bonding of Ln(III) ï the 

covalency of a Ln(III)-ligand bond is at most 5-7 %.2 Sulfur, situated under oxygen in the 

periodic table, is a softer donor than nitrogen. Lanthanide(III)-sulfur bonds are not 

extremely rare, though, especially if the complexation takes place in non-polar solvents, 

with dithiocarbamates (Ln(S2CNR2)3) and dithiophosphates (Ln(S2PR2)3) among the 

simplest forms. Thiolates of Ln(III) were also obtained, with the help of bulky ligands, in 

the form of [Yb(SPh)3py3]. 

 To introduce sulfur atoms to the triazine core while retaining its properties as a 

chromophore, thiophene is chosen due to its aromaticity which extends the conjugated 

system of the ligand design and the presence of a sulfur atom. A new series of ligands was 

synthesized with thiophene taking the place of either one or both of the pyrazoles of the 

N-N-N ligands. 

2.3.1. Grignard Reaction 

The most convenient and straightforward way to incorporate the thiophene moiety 

is by Grignard reaction,67,68 which is common in literature and also proven to be effective 

against cyanuric chloride for obtaining mono- or di-substituted products. Commercially 

available 2-bromothiophenpe and 2-bromo-5-methylthiophene were reacted with 

magnesium metal to generate the Grignard reagent which was used to attack the cyanuric 

chloride. The extent of substitution was controlled by the stoichiometry and more 

importantly the temperature, as shown in Scheme 2.6. 
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Scheme 2. 6 Syntheses of Sulfur-Containing WSL012-017 

Similarly, the N,N-diethylanilinyl and phenyl moiety were incorporated by coupling 

reagent as it is the most suitable route amongst the three discussed above, due to the 

difficulty in reacting with the third and final chlorine atom. The poorer chelating ability 

of the sulfur atom also inhibited chelation towards the palladium catalyst, resulting in 

higher reaction yields. The structures WSL018-025 are shown below. 

 

Figure 2. 1 Structures of S-N-S Tridentate Ligands WSL018-025 
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2.4. Design of Complex 

 As mentioned in Chapter 1, the nature of Ln(III) bonding is predominantly ionic 

and their coordination numbers are not governed by the number of bonding electrons but 

the non-directional electrostatic interaction and steric factors. Ln(III) luminescence is also 

easily quenched by oscillators of solvent molecules in the coordination sphere. To fulfill 

the coordination and efficiently protect the Ln(III) center from solvent coordination, 

macrocycles such as the cyclen-based 1,4,7,10-tetraazacyclododecane-1,4,7,10-

tetraacetic acid (DOTA) (see designs of Gd(III) MRI contrast agents in Chapter 1) serves 

both purpose well. The added stability from chelate effect is also appreciated especially 

when water-soluble complexes are devised for biological applications in which leaching 

of free Ln(III) is highly toxic.69,70 

However, as discussed in the section of energy transfer in antenna effect, the 

distance between the chromophore and the Ln(III) is extremely pivotal in determining the 

energy transfer efficiency. Therefore, the incorporation of a chromophore into 

macrocycles and modifying the chromophore to become one of the donors is a common 

strategy to enhance antenna effect by synthetic techniques.  

 The previous section detailed about triazine-based tridentate ligands. Tridentate 

ligands, like terpyridine, forms a [ML2]n+ or [ML3]n+ complex with transition metals. 

However, the ionic radii of transition metals are quite different to the Ln(III) ï 94.7 pm 

of Eu(III) vs. 68 pm of Ru(III), and due to the ionic nature of Ln(III)-ligand interaction, 

the space vacated ï insufficient for a third tridentate ligand ï is likely to be filled by 

solvent molecules. Nonetheless, there is always more than one solution to a problem. To 
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complement the coordination, a chromophoric bidentate b-diketone (1,3-diketone) ligand 

is introduced ï thenoyltrifluoroacetonate (TTA).  

A wide range of b-diketones are readily available from commercial sources and 

when deprotonated, the anionic oxygen atoms are hard donors that Ln(III) prefers. 

Lanthanide b-diketonates are primarily synthesized in two forms: neutral tris 

(Ln(b-diketonate)3) and anionic tetrakis form (Ln(b-diketonate)4)-).71 The tetrakis 

complex is eight-coordinated and depending on the structure of the b-diketone, steric 

factors may restrict further coordination. The tris complex is only six-coordinated and 

usually exists as a hydrate, and the detrimental water molecules can be displaced by the 

addition of neutral hard donors. One of the most well-known Ln(III) b-diketonate 

complexes is Eu(tta)3(phen), where phen is 1,10-phenanthroline and tta is the conjugate 

base of 2-thenoyltrifluoroacetone. A detailed review on lanthanide(III) b-diketonate 

complexes on the syntheses, luminescence and applications can be found in literature.72,73  

 b-Diketones are generally good antennae for Eu(III) emission, but not particularly 

good for Tb(III) due to the energy level of their triplet states, which are at an appropriate 

distance with the accepting states of Eu(III) (5D1, 5D0) with minimal back energy transfer, 

but are lower than the 5D4 of Tb(III), resulting in very poor energy transfer; although 

certain aliphatic74-76 or aromatic b-diketonates with higher energies are able to sensitize 

Tb(III) emission.77 The excited singlet state, though, has no role to play78 in the energy 

transfer according to studies. 

 Some b-diketonates, such as tris(1,1,1,-trifluoro-4-(2-thienyl)-2,4-

butanediono)aquo-europium(III) (Eu(tta)3), are quite common and commercially 
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available. Fortunately, due to the similar physical properties of the lanthanide(III) series, 

other lanthanide b-diketonates could be synthesized according to old but not obsolete 

procedures.79-81 Neutral lanthanide(III) b-diketonates, despite primarily being an ionic 

compound, have low water solubility and thus can be easily purified from the water-

soluble precursors. Excess HTTA in small amounts could also be removed by 

recrystallization in petroleum ether.  

The Ln(tta)3 was then further reacted with a neutral auxiliary ligand to eliminate 

water molecules in the coordination sphere and fulfill coordination. It is also reported that 

a rigid planar molecular structure would lead to higher luminescence intensities, therefore 

a neutral, planar ligand with relatively hard donors such as the aforementioned tridentate 

ligands was reacted to give a thermodynamically favorable product in refluxing methanol 

(Scheme 2.7). The complexes were then purified by dissolving the crude in minimal 

amount of diethyl ether and precipitation with n-hexanes, repeated for three times. The 

complex was then characterized by electrospray ionization mass spectrometry and 

elemental analyses. 

 

Scheme 2. 7 Synthesis of EuL1 with Eu(tta)3 and WSL006 
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3. Non-Triplet Intraligand Charge Transfer Sensitization and 

Solvent Effect on Europium(III) and Samarium(III) Complexes 

3.1. Background and Introduction 

3.1.1. Europium(III) and Samarium(III) as Luminescent Centers 

Trivalent europium has been widely studied in the previous decades due to its 

characteristic optical properties (see section 1.4.2) which has yielded a diverse range of 

applications from phosphors to bio-imaging probes. The 5D0 Ą 7FJ transition profile, 

especially the transitions with electric dipole character, provides abundant structural 

information around the europium(III) center, especially in solid state materials. An 

excellent tutorial review on interpreting the electronic spectra of Eu(III) is available in the 

literature. 6 

Samarium(III) receives much less attention than europium(III) and terbium(III), 

most probably because of the weaker luminescence quantum yields of its chelates. This 

intrinsic disadvantage is a result of the more complex energy levels of Sm(III) than Eu(III). 

As shown in Figure 3.1, the energy gap between the lowest excited state and the next 

lower ground state between the three Ln(III) varies greatly: DE(5D0 Ą 7F6) of Eu(III), 

DE(4G5/2 Ą 6F11/2) of Sm(III) and DE(5D4 Ą 7F0) of Tb(III) are ca. 12500 cm-1, 7500 cm-

1 and 14700 cm-1 respectively. The smaller gap of Sm(III) requires less quanta of phonons 

for non-radiative quenching and vice versa, which explains why Eu(III) and Tb(III) are in 

general more luminescent amongst the lanthanides. Nevertheless, the accepting state of 

Sm(III), 4G5/2, is at a similar position to the 5D1 and 5D0 accepting states of Eu(III), it is 

therefore reasonable to conjecture chromophores that transfer energy to Eu(III) would 
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decently sensitize Sm(III) as well and this is precisely the rationale behind this work. 

While it is not pragmatic to imagine Sm(III) having similar luminescence quantum yields 

as Eu(III) in the same ligand system, to enhance Sm(III) luminescence by improving 

antenna effect or minimizing non-radiative deactivation would lead to possible 

multiplexing applications.82,83  

 

Figure 3. 1 Energy levels of Eu(III), Sm(III) and Tb(III)  

3.1.2. Intraligand Charge Transfer Sensitization Pathway 

Sensitization of Ln(III) luminescence is achieved by energy transfer from a light-

harvesting chromophore at proximity to the accepting states of Ln(III) of appropriate 

energies. There are no definite and exclusive pathways for energy transfer. It must be 

stated that the term óantenna effectô is a general description of the processes involved after 
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the photoexcitation of the chromophore and before the deactivation of the Ln(III) 

accepting states. As mentioned in section 1.5, there are two distinct parts concerned: 1) 

energy transfer pathway and 2) nature/mechanism of energy transfer to the accepting 

states; and this chapter puts emphasis on the former.  

The most common pathway is the triplet-mediated pathway, in which the excited 

singlet state of the chromophore undergoes intersystem crossing ï induced by heavy effect 

of the Ln(III) in a close distance ï to give an excited triplet state. Subsequently, the excited 

energy is transferred to the accepting states via different mechanisms. The spin-forbidden 

transition to yield the excited triplet state results in a longer lifetime and this offers an 

advantage for energy transfer to the Ln(III) by allowing more time for the transfer to occur. 

However, to accommodate for intersystem crossing and the DE between the accepting 

state at an optimum difference at ca. 2500 ï 4000 cm-1, the energy of the excited singlet 

state would have to be quite high; in other words, the excitation energy required would 

also have to be high, usually in the UV region. It is not ideal for any applications to use a 

high energy excitation source; it causes photo-damage to living cells in biological 

applications and is hazardous in material applications. 

To shift the excitation to a longer wavelength, alternate energy transfer pathway 

has to be introduced. In late 1960s, Kleinermanôs work13 proposed that energy transfer 

from an excited singlet state could dominate intersystem crossing. Progress on more 

elucidation or experimental proof have stalled since, though, until in the 21st century when 

research on sensitization from the singlet delocalized intraligand charge transfer (ILCT) 

state picked up pace and more Ln(III) complexes with ILCT sensitization were reported.84-

89 
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Charge transfer states are generally present in structures with electron-donating 

and accepting moieties conjugated by a p-system (D-p-A) in a push-pull fashion and differ 

distinctly from the ground states in both molecular geometry and electronic structure,90-91 

hence resulting in a vast difference of the electron density of the donor and acceptor before 

and after photoexcitation. The delocalized nature renders charge transfer states to situate 

around the visible light region and the emission can be further shifted by modifying the 

strength of the donor and/or acceptor. The emission and absorption bands of charge 

transfer transitions are broad and structureless and a large Stokes shift is observed due to 

the rearrangement of electronic density to give a marked difference in the dipole moments 

of the ground and excited states.  

In 2004, Yang et al.92 reported a ódirect observationô europium(III) sensitization 

via the singlet pathway using EuL1 from results of time-resolved luminescence 

spectroscopic experiments. They observed that on the nanosecond timescale, the rise time 

of 5D1 Ą 7F3 transition of Eu(III) matches well with the decay time of the S1 Ą S0 

fluorescence of the ligand (1.8 ns). Furthermore, they correlated the decay of 5D1 Ą 7F1-3 

transitions (387 ns) with the rise of 5D0 Ą 7F2 transition (392 ns), postulating the transfer 

of excited state energy from 5D1 to 5D0. While these results suggested energy transfer from 

the excited singlet state of the ligand to first the 5D1 then 5D0 of Eu(III), the authors also 

obtained an emission spectrum of the Eu(III) complex at 77 K which consisted of a broad 

and asymmetric phosphorescence band with a lifetime of 3.9 s; compared to the 0.65 ms 

of Eu(III), they excluded the possibility of the triplet-mediated energy transfer pathway, 

stating it as óinactiveô. 
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The group then followed up with their work by studying the excited state dynamics 

of the same complex.93 A ligand-to-metal charge transfer (LMCT) state was proposed 

which effectively quenches the excited singlet state by 98 %, dominating over intersystem 

crossing, hindering the triplet-mediated energy transfer pathway and concluded with a 

non-triplet sensitization pathway.  

This chapter set out to continue along this direction and further elucidate the 

character of this non-triplet sensitization pathway which seemingly efficiently sensitizes 

Eu(III) luminescence. Sensitization of Tb(III) via ILCT transitions are rarely seen due to 

the high energy of 5D4 level, yet the potential of Sm(III) sensitization but this ligand 

system will be explored as well. 

3.1.3. Solvatochromism 

The environment also has a role to play in charge transfer transitions. The polarity 

of solvent molecules governs the extent of stabilization of the ground and excited states, 

leading to a different DE that would be reflected in absorption and emission spectra.94 

This phenomenon describing the correlation between increasing solvent polarity and the 

energy of a molecule is called solvatochromism, as depicted in Figure 3.2. If the ground 

state is more polar than the excited state, an increase in solvent polarity will stabilize the 

ground state to a greater extent than the non-polar excited state, resulting in a larger energy 

gap and a higher energy absorption band; this is termed negative solvatochromism. If the 

ground state is less polar relative to the excited state, a smaller energy gap will be observed 

in polar environments and the absorption band will be observed in a higher wavelength 

region. Therefore, the nature of solvatochromism could be determined by simply 

measuring the absorption spectra in solvents of different polarities.95 



52 

 

 

Figure 3. 2 Depiction of negative (left) and positive (right) solvatochromism in polar 

environment 

In this work, the shift in energy level of the ILCT states would lead to different 

sensitization efficiencies of lanthanide luminescence. Optimum sensitization could be 

probed in solvatochromic experiments. Various interactions between the charge transfer 

chromophore and solvents molecules were investigated and the effects were revealed in 

detailed photophysical measurements. 
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3.2. Results and Discussion 

3.2.1. Structural Characterization 

 

Figure 3. 3 Structures of LnL1-3 used in this work 

 Europium(III) and samarium(III) complexes of the above structures were 

synthesized for this study. Unfortunately, crystal structures could not be obtained. Mass 

spectrometry was able to reveal formation of the complex, but obtaining structural 

information would aid in correlating the experimental results to elucidate the energy 

transfer pathway. A newly-developed computation software developed by a research 

group in Brazil was used to simulate the structure of our complexes ï Lanthanide 

LUM inescence PACkage Software.96,97  

 The structures of SmL1-3 were optimized by LUMPAC using the Sparkle/RM1 

model and are shown in Figure 3.4. The molecules are highly asymmetric due to the 

ófreelyô coordinated TTA moieties (C1 space group) but the significance of finding out 

the geometry lies in the tridentate ligand. The differing methyl groups on the pyrazole 

rings of SmL1-3 have little effect on the overall geometry of the ligand, as expected due 
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to their relatively peripheral positions. The skeleton from the diethylanilinyl terminus to 

the triazine core is planar as well, which would lead us to expect that the rigidity of the 

molecule would result in higher energy transfer efficiency.  

 

Figure 3. 4 Optimized structure of SmL1 
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Figure 3. 5 Optimized structure of SmL2 
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Figure 3. 6 Optimized structure of SmL3 

 The radii of Eu(III) and Sm(III) are very similar, 95.8 and 94.7 pm hence it is 

believed the two set of complexes would be isostructural.  

 

 



57 

 

3.2.2. Photophysical Studies 

Absorption and Excitation Spectra 

The absorption and excitation spectra were obtained in various solvents with 

different polarity ï evaluated by the dipole moment. Besides dipole-dipole interactions, 

this study will also look into the effect of hydrogen bonding on the lone-pair electrons on 

the anilinyl nitrogen atom and nucleophilic solvents on the luminescent Ln(III) center. 

The complexes, EuL1-3 and SmL1-3, exhibit consistent absorption profiles in 

various solvents. The absorption band before 300 nm corresponds to the p-p* absorption 

of the bis(pyrazol-1-yl)-1,3,5-triazine scaffold and another band with its maximum at 

around 340 nm is the p-p* absorption of the TTA moiety. Excitation spectra were 

monitored from the most intense f-f transitions, which were 5D0 Ą 7F2 for and 4G5/2 Ÿ 

6H9/2 for Eu(III) and Sm(III) respectively. 

The ILCT absorption band, as mentioned previously, is sensitive to the polarity of 

the environment and hence the absorption maximum exhibits a blue shift with increasing 

solvent polarity, i.e. negative solvatochromism. The shift of the band may cause it to 

merge with the TTA absorption such as the case in acetone, or remain as far as around 

400 nm in non-polar solvents. Protic solvents such as methanol, isopropanol and highly 

polar solvents like DMSO would also form hydrogen bonds with the lone-pair electrons 

on the anilinyl nitrogen, hindering the formation the ILCT transition, as reflected in the 

weakened absorption intensities. As expected, the excitation spectra did not always 

superimpose with the absorption spectra, implying different extents of sensitization from 

the ILCT band. 
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For EuL1, the excitation bands of the TTA moiety are clearly visible in the spectra 

in all solvents, and showed minimal deviation from the absorption maxima, indicating the 

TTAôs insensitivity towards polarity. The excitation bands of the ILCT bands display a 

clear blue-shift as the solvent polarity increases. In non-polar solvents such as benzene 

(Figure 3.9) and toluene (Figure 3.17), the ILCT absorption maxima is at around 405 nm. 

Increase in solvent polarity from methanol (Figure 3.15) shifts the maxima to around 380 

nm. Comparison between the absorption and excitation revealed that the polarity of the 

environment plays an important role in governing whether the ILCT band would be able 

to take part in the sensitization of lanthanide luminescence. 

In some solvents, notably acetonitrile (Figure 3.8) and DMSO (Figure 3.12), the 

ILCT absorption bands are sometimes rather distinct, even though excitation of the band 

does not sensitize lanthanide(III) luminescence. It is believed that their highly polarizing 

nature (dielectric constant (e) = 37.5 and 46.7 respectively) enhances the rate of charge 

transfer from the donor to the acceptor to an extent that dipole-dipole stabilization 

between the solvent and compound is insignificant compared to the time required to reach 

electrostatic equilibrium instantaneously. 

The absorption spectra for EuL2 and EuL3 (Figures 3.18-3.41) as well as the 

Sm(III) analogs (Figures 3.42-4.77) are expectedly similar as well, as the methyl 

substituents on the pyrazoles are irrelevant to the photophysical properties of both the 

TTA and ILCT moieties.  
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Emission Spectra (Eu(III))  

The emission spectra for the complexes were measured with three different 

excitation wavelengths ï 330, 350 and 390 nm. Irradiation at 330 nm only excites the 

TTA moiety and whereas 390 nm would only excite the ILCT transition. Thus, 350 nm 

was chosen as a median excitation wavelength which could potentially excite both the 

TTA and ILCT transitions. The 5D0 Ą 7FJ transitions (DJ = 0ï4 at 578, 590, 612, 650 and 

695 nm respectively) could be observed as a result of antenna effect. 

Excitation at 330 and 350 nm produced expectedly good sensitization of Eu(III) 

luminescence, with little residual fluorescence, indicating efficient energy transfer from 

TTA. Solvent polarity had minimal effect towards the sensitization process, which is 

consistent with the absorption spectra. 

On the other hand, the ILCT band is shifted to higher energy in polar solvents and 

is often not at an appropriate level for energy transfer, resulting in ligand fluorescence. In 

non-polar solvents, the luminescence intensities of ILCT excitation in non-polar solvents 

were indeed quite high. Taking the molecular structure into consideration, one molecule 

of the ILCT-character ligand is able to sensitize Eu(III) luminescence as much as, if not 

higher than, three molecules of the well-known good sensitizer TTA. Even though ILCT 

sensitization is decent, ligand fluorescence was sometimes still observed. It is attributed 

by the short lifetime of the excited ILCT non-triplet state, resulting in competition 

between fluorescence and sensitization as deactivation pathways.  

The hypersensitive 5D0 Ą 7F2 transition of Eu(III) is extremely sensitive to the 

change of coordination environment. Although the determination of coordination 
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geometry and structural symmetry is much difficult in solution state than in solid state, 

the splitting patterns as well as luminescence intensities in different solvents would be a 

useful factor to compare the environment around Eu(III). In benzene and toluene, the 

splitting patterns of the hypersensitive transition is consistent for all three excitation 

wavelengths, implying that the coordination environment is near identical. The splitting 

patterns are different for 390 nm excitation from 330 and 350 nm excitations in polar 

solvents, however, and this indicates that there are at least two solution-state structures 

that are excited by different energies.  

The difference in methyl substituents amongst the ligands had minimal effect on 

the absorption and excitation spectra in various solvents; but it could be observed from 

the splitting patterns from the emission spectra of the same solvent of different complexes, 

demonstrating the hypersensitivity of the transition. 

The asymmetry ratio is defined as the ratio between the integrated intensities of 

the 5D0 Ą 7F2 and 5D0 Ą 7F1 transitions of a Eu(III) molecule. The former transition is a 

forced electric dipole transition with the transition intensity proportional to the square of 

ligand dipolar polarizability;6,98 the latter is a magnetic dipole transition which is 

independent of the environment around Eu(III). Theoretically, he DJ = 2 transition would 

be absent in a centrosymmetric structure, therefore the asymmetry ratio is strictly a 

measure of deviation from centrosymmetry. However, solution state structures of 

organolanthanide complexes are hardly centrosymmetric as the ligandsô movements are 

not restricted, so the asymmetry ratio is commonly used to imply the extent of loss of 

symmetry. Table 3.1 presents the asymmetry ratio of EuL3 in increasing solvent polarity 
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to illustrate the different spatial arrangements of ligands around the Eu(III) center in 

various solvents. 

A marked difference could be found between the asymmetry ratios in polar and 

non-polar solvents, with 12 and 10 in methanol and DMSO respectively compared to 19.5 

in benzene when excited at 350 nm. The asymmetry ratio in non-polar solvents were very 

similar when the excitation was changed to 390 nm. Some asymmetry ratios were not 

measured as the interference from ligand fluorescence on the europium(III) luminescence 

are not negligible. The discrepancy of asymmetry ratios between polar and non-polar 

solvents implies, and reconfirms the earlier postulate, that two emitting species that are 

excited by different energies are present. 

 It was mentioned in the beginning that the choice of solvents includes nucleophilic 

solvents. It is reasonable to deduce that solvent coordination and subsequent displacement 

of the tridentate ligand would take place, resulting in a totally different coordination 

environment as indicated by the hypersensitive transitions as well as the asymmetry ratios. 

 The oxygen and nitrogen atoms on different solvents are also relatively hard 

donors which the lanthanide(III) centers prefer. In comparison, the triazine-core tridentate 

ligand has nitrogen donors but are not conjugated with particularly electron-donating 

groups to increase its donor strength, whereas the solvent molecules with a higher dipole 

moment ï and thus higher donating property ï may displace the ligand and generate new 

emitting species in situ. Coordination of solvent molecules, which are much smaller in 

size than the tridentate ligand, would lead to a significant change in coordination 

environment due to the rearrangement of spatial distribution among the electrostatically-

interacted ligands. The electron-donating properties of the methyl groups give methanol 
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and DMSO high coordination strength, therefore giving the lowest asymmetry ratios. 

Despite its relatively low dipole moment compared to DMSO, methanol also gives a lower 

asymmetry ratio; this once again demonstrates the non-direction and sterically-governed 

nature of bonding with Ln(III) as the small size of methanol molecules allow flexible 

rearrangement of bonding ligands. 

 In acetonitrile, the asymmetry ratio at 350 nm excitation is quite high, unlike other 

polar solvents. It is possibly due to the relative softness compared to the oxygen donors 

which may be similar to the nitrogen donor of the pyrazoles, therefore not readily 

displacing the tridentate ligand. However, the asymmetry ratio is drastically different 

under 390 nm excitation, it is attributed to the poor sensitization which led to more 

residual ligand fluorescence and thus interfering with the area under curve of the 5D0 Ą 

7F1 transition. 

The non-polar solvents have lower dipole moment as they do not bear any 

electronegative atoms (e.g. O, N), therefore displacement of the tridentate ligand is not 

expected to happen, retaining a high asymmetry ratio. 

Excitation at 390 nm does not excite the TTA at all in any solvents. However, in 

some more polar solvents, such as ethyl acetate and acetonitrile, the emissions were decent 

enough for measuring the asymmetry ratio, implying sensitization by the ILCT band. 

While the previous paragraphs postulate ligand displacement by solvent molecules, it is 

also believed that the displacement may not necessarily be quick ï as it should exhibit a 

concentration-dependence ï or complete. The remaining, unperturbed complexes, which 

may somewhat retain the tridentate ligand, may then still be able to be excited by the ILCT 

transition and as a result give lanthanide luminescence without exciting TTA. The low 
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ratios, though, is attributed to the interference of the 5D0 Ą 7F1 transition by residual 

ligand fluorescence. 

Table 3. 1 Asymmetry ratio of EuL3 under two excitation wavelengths in various solvents 

Solvents m (D) 
EuL3 R 

(lex=350 nm) 

EuL3 R 

(lex=390 nm) 

CCl4 0 18.4 18.5 

Benzene 0 19.5 19.5 

Toluene 0.37 19.0 19.2 

CHCl3 1.04 17.1 16.9 

i-PrOH 1.56 15.3 / 

CH2Cl2 1.6 14.3 12.4 

CH3OH 1.7 12.0 / 

THF 1.75 16.6 / 

EA 1.78 16.0 6.5 

DCA 1.8 17.1 11.6 

Acetone 2.88 16.6 / 

CH3CN 3.92 19.6 6.7 

DMSO 3.96 10.0 / 
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Chart 3. 1 Asymmetry ratios of EuL3 under TTA excitation in different solvents 

 

Chart 3. 2 Asymmetry ratios of EuL3 under ILCT excitation in different solvents 
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Luminescence Lifetimes (Eu(III))  

 The excited state lifetime is defined as the average time the excited energy resides 

at a particular energy level before it decays. The measurement of luminescence lifetimes 

would indicate the number of radiatively decaying species present in the medium upon 

photo-excitation, which would provide more insight on the issue of multiple emitting 

species aforementioned.  

Table 3. 2 Emission lifetimes and quantum yields of EuL1-3 in various solvents 

Solvent 
m 

(D) 

EuL1 t (ms) 

(lex=350 nm) 

EuL2 t (ms) 

(lex=350 nm) 

EuL3 t (ms) 

(lex=350 nm) 

EuL3 F (%) 

(lex=350 nm) 

Benzene 0 0.541 0.472 0.432 23.8 

Toluene 0.37 0.577 0.485 0.425 30.6 

CHCl3 1.04 
0.177; 

0.571 

0.131; 

0.49 

0.116; 

0.510 
n/a 

i-PrOH 1.56 0.353 0.353 0.353 17.2 

CH2Cl2 1.6 
0.041; 

0.394 

0.039; 

0.328 

0.013; 

0.196 
n/a 

CH3OH 1.7 
0.26; 

0.58 

0.239; 

0.55 

0.226 

0.547 
2.9 

CD3OD 1.7 / / 
0.315; 

1.109 
/ 

THF 1.75 0.374 0.378 0.383 10.7 

EA 1.78 0.366 0.357 
0.187; 

0.397 
7.1 

Acetone 2.88 0.624 0.607 
0.290; 

0.578 
7.1 

CH3CN 3.92 0.652 0.626 0.618 12.6 

DMSO 3.96 
0.79; 

1.733 

0.709; 

1.434 
0.752 12.9 
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 The luminescence lifetimes, monitored at the 5D0 Ą 7F2 transition, were measured 

with excitation of the TTA at 350 nm, as excitation of the ILCT band did not give 

luminescence in all solvents. A general trend of decrease in lifetime with increasing dipole 

moments of solvents is observed. Bi-exponential lifetimes ï denoting two radiatively 

decaying species ï were obtained in chlorinated solvents and several polar solvents. 

 

Chart 3. 3 Luminescence lifetimes of EuL1-3 in various solvents 

 In methanol, which is strongly coordinating, bi-exponential lifetimes were 

measured for all three Eu(III) complexes. This further corroborates with the previous 

postulate that displacement of the tridentate ligand by solvent molecule led to the 

formation of a new species of different coordination environment. The decaying species 

with a shorter lifetime would correspond to the species with solvent coordination, as high 

energy oscillators (e.g. O-H, N-H) would effectively quench the excited energy levels of 

europium(III). The longer lifetime could either be the original molecule with the tridentate 
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ligand retained or simply lesser coordinating solvent molecules. This phenomenon is also 

observed in the lifetimes of ethyl acetate and acetone in EuL3, of which is believed to be 

due to solvent coordination of the oxygen atom as well. 

To demonstrate the effect of non-radiative multiphonon quenching by the 

oscillators, the luminescence lifetimes were also measured in deuterated methanol, in 

which the O-H oscillator (nO-H: 3500 cm-1) was replaced with a lower energy O-D 

oscillator (nO-D: 3900 cm-1). The emission lifetimes of EuL3 in methanol-d4 was 

significantly longer than the luminescence lifetime in methanol. According to the m 

equation below (refer to chapter 1), the lifetimes of ordinary and deuterated methanol can 

be used to calculate the number of methanol molecules coordinated onto the europium(III) 

center. The m value was found to be 1.9, hence approximately two methanol molecules 

are coordinated onto Eu(III), implying ligand displacement as well. 

mLn(III)  = A[(1/tMeOH)-(1/tMeOD)-0.125); A = 2.4 ms for Eu(III) 

 It is also interesting to note that, bi-exponential lifetimes were obtained in DMSO 

for EuL1 (Figure 3.83) and EuL2 (Figure 3.91) but not EuL3 (Figure 3.103). The lifetime 

of EuL3 in DMSO is similar to the shorter one of the two of EuL2 and EuL3. In ethyl 

acetate and acetone, on the contrary, the lifetimes of EuL1 (Figure 3.84) and EuL2 

(Figure 3.92) are mono-exponential whereas two decay species were observed in EuL3 

(Figure 3.104). The inconsistency of the number of decaying species in the same solvent 

among different compounds implies that donor strength is not the only factor governing 

ligand displacement.  A shorter lifetime was observed in ethyl acetate and acetone for 

EuL3 only, and the longer lifetime could only be observed in EuL1 and EuL2 in DMSO. 
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These two sets of lifetimes imply to a better protection of the Eu(III) center by the 

surrounding ligands in which, despite the strength of donor strength of the molecules, 

does not lead to ligand displacement in EuL1 and EuL2 or incomplete displacement in 

EuL3. These results once again demonstrate that steric factors also play a deciding role 

in lanthanide(III) bonding interactions. 

Luminescence Quantum Yields (Eu(III))  

 The relative luminescence quantum yields99 of EuL1-3 were measured against 

quinine sulfate (F = 0.577, lex = 350 nm)100 at excitation of 350 nm. Ideally, the excitation 

wavelengths and the emission regions of the standard and the sample should be similar 

for ideal comparison; however, the pseudo-Stokes shift of lanthanide(III) complexes 

makes it difficult to find a suitable standard. Hence, the excitation wavelength was chosen 

to be constant and the emissions at different regions were corrected to instrumental 

response in order to compensate for the different sensitivities.  

 Fluorescence quantum yield is proportional to the fluorescence lifetime (kr = F/t), 

and the relationship is legitimately demonstrated in the luminescence quantum yields and 

lifetimes of the complexes. Likewise, the luminescence quantum yields were higher in 

non-polar solvents than in polar and/or coordinating solvents. Decent values were 

obtained in benzene and toluene and the quantum efficiency in methanol is expectedly 

low. 

 The luminescence quantum yield measured by relative method is fundamentally a 

measure of the ratio of photon input to the antenna and the photon output of the lanthanide 

center. The antenna effect is implied but not taken into account, it is therefore also more 
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appropriately the overall quantum yield of the lanthanide(III) complex system. As 

discussed in chapter 1, it is possible to determine the sensitization efficiency by measuring 

the overall quantum yield and the intrinsic quantum yield of the complex ï the latter 

denotes the luminescence quantum yield in which the Ln(III) was directly excited. The 

relationship could also be calculated on the basis of Judd-Ofelt parameters: 

– ὗ ;  ὃ ȟϽὲ  

The intrinsic quantum yields (ὗ ) were then obtained with the help of luminescence 

lifetimes and the emission spectra, and Table 3.3 summarizes the overall and intrinsic 

quantum yields as well as the calculated sensitization efficiencies in various solvents.

 Table 3. 3 Overall and intrinsic quantum yields and sensitization efficiency 

of EuL3 (TTA Excitation  at 350 nm) 

Solvent m (D) 
QLn

L 

(%, TTA)  

QLn
Ln 

(%, TTA)  

hsens 

(%,TTA)  

CCl4 0 / n/a n/a 

Benzene 0 23.8 40 59.5 

Toluene 0.37 30.6 37 82.6 

CHCl3 1.04 / n/a n/a 

i-PrOH 1.56 17.2 29 59.2 

CH2Cl2 1.6 / n/a n/a 

CH3OH 1.7 2.9 13.7 21.2 

THF 1.75 10.7 33 32.4 

EA 1.78 7.1 13.6 52 

Acetone 2.88 7.1 23 31 

CH3CN 3.92 12.6 53.8 23.4 

DMSO 3.96 12.9 52.9 24.4 
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The computed intrinsic quantum yield concerns the competitive deactivation 

pathways of the excited energy of the antenna with energy transfer, compared to directly 

exciting the Ln(III) center without involving the energy levels of the antenna. The values 

are in an apparent trend of decreasing intrinsic quantum yield with increasing solvent 

polarity. 

 

Chart 3. 4 Luminescence quantum yields of EuL3 in various solvents 

 The p-p interaction of benzene/toluene molecules and the planar tridentate ligand 

is an important factor that imparted rigidity to the complex in solution state, minimizing 

vibrational energy loss. The inability of the solvent molecules to coordinate also 

minimizes non-radiative quenching by oscillators, which is also the case for isopropanol 

and tetrahydrofuran, as their molecular size may be too large to coordinate. In other 

solvents, the quantum yield decreases noticeably as the solvent coordinating strength 

increases, indicating that non-radiative quenching by solvent oscillators dominates f-f 
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transition decay. The same observation that the most polar solvents do not have the lowest 

value of intrinsic quantum yields is consistent with the luminescence lifetimes. 

One would notice that in acetonitrile and DMSO, the intrinsic quantum yields are 

indeed higher than in non-polar solvents, the same exception was observed in 

luminescence lifetimes but not overall quantum yields. The results imply the excited 

energy at the excited states of the antenna has a larger probability of undergoing radiative 

decay. It is postulated that the strong dipole-dipole interaction between the solvent 

molecules and the D-p-A structure would lead to a stabilization effect similar to p-p 

interaction and reduces the flexibility of the molecule. Note that excitation of the TTA 

does not lead to a charge transfer process hence the D-p-A structure would be obtained, 

which justifies the postulate while the poor sensitization at 390 nm excitation is due to re-

distribution of electronic density of the D-p-A structure. 

 The sensitization efficiency is a ratio of the intrinsic and overall quantum yield; 

while simple, it represents the extent of excited energy loss prior to energy transfer to the 

excited states of Ln(III) upon photoexcitation of the antenna. In Table 3.3, the 

sensitization efficiencies exhibit a different trend than the intrinsic quantum yields. The 

efficiency is quite high in benzene and toluene, reasonably due to the rigidity leading to 

more efficient energy transfer. In polar solvents, though, the sensitization efficiencies are 

similar and are rather independent of solvent polarity and coordination strength. 
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Table 3. 4 Overall and intrinsic quantum yield and sensitization efficiency of EuL3 (ILCT 

Excitation) 

Solvent m (D) 
QLn

L 

(%, ILCT)  

QLn
Ln 

(%, ILCT)  

hsens 

(%, ILCT)  

CCl4 0 31 43 75 

Benzene 0 32 53 61 

Toluene 0.37 30 51 59 

CHCl3 1.04 18 46 37 

CH2Cl2 1.6 6 27 22 

  

The absolute overall quantum yields of EuL3 at excitation of the ILCT band were 

also measured using an integrating sphere. Solvents in which the complex was able to 

show negligible interference from ligand fluorescence were used for measurements and 

the results, including the calculated intrinsic quantum yields and sensitization efficiencies 

are summarized above in Table 3.4. The absolute and intrinsic quantum yields of benzene 

and toluene are quite similar.  

Compared to excitation of TTA, the overall quantum yields were similar as well, 

scientifically confirming the similar intensities observed in the emission spectra in these 

two solvents. The sensitization efficiencies are quite different, though. Aromatic in nature 

and with 0 and 0.37 net dipole moments respectively, the interactions between benzene, 

toluene and the planar tridentate ligand with ICLT character is believed to be very similar, 

neither having any perturbation towards the lone pair electrons on the N,N-diethylanilinyl 

nitrogen atom. Alternatively, when the chromophore of interest is the TTA, the interaction 

between the solvents and the TTA molecules should be different, according to the 

sensitization efficiencies in Table 3.3. The enhanced value in toluene led to a higher 
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overall quantum yield in spite of a lower intrinsic quantum yield. It is postulated that the 

aromatic thiophene moiety on TTA may interact differently with the benzene and toluene, 

in which certain non-radiative quenching processes is facilitated by the former and not 

the latter, resulting in the discrepancy. 

The absolute quantum yields of the chlorinated solvents demonstrated a clear 

relationship of stabilization of the polar ILCT ground state with solvent polarity. As the 

dipole moment increases, the ILCT ground state is further stabilized and the mismatch 

between energy levels increases; this could be reflected in the gradually drastic decrease 

in the overall quantum yields as well as the sensitization efficiencies in from carbon 

tetrachloride to dichloromethane. 

Emission Spectra (Sm(III)) 

The emission spectra for the Sm(III) complexes were measured with the same 

three excitation wavelengths, as the project intended to compare the sensitization of 

Sm(III) luminescence with Eu(III) due to their proximal emitting states (Figure 3.1). The 

visible 4G5/2 Ą 6HJ transitions were obtained by antenna effect. The f-f transitions of J = 

5/2, 7/2, 9/2, 11/2 are found near 563, 599, 645 and 704 nm, with minute shifts in various 

conditions. 
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Table 3. 5 Asymmetry ratio of SmL3 under two excitation wavelengths in different 

solvents 

Solvents m (D) 
SmL3 R 

(lex=350 nm) 

SmL3 R 

(lex=390 nm) 

CCl4 0 10.8 12.8 

Benzene 0 10.6 10.2 

Toluene 0.37 10.7 10.5 

CHCl3 1.04 8.8 6.8 

i-PrOH 1.56 2.8 / 

CH2Cl2 1.6 5.4 3.8 

CH3OH 1.7 3.0 / 

THF 1.75 5.3 / 

EA 1.78 3.7 / 

DCA 1.8 4.6 / 

Acetone 2.88 2.7 / 

CH3CN 3.92 4.7 / 

DMSO 3.96 2.1 / 

  

Excitation of the TTA at 330 and 350 nm were also able to sensitize Sm(III) 

luminescence with little residual TTA fluorescence. Similar to Eu(III), it also showed no 

intensity-dependence with solvent polarity. Sensitization was also observed when the 

ILCT band was excited at 390 nm in non-polar solvents, whereas intense ligand 

fluorescence was observed in polar solvents. These trends were consistent with the 

europium(III) complexes, proving that similar energy transfer pathways were undertaken 

by the excited energy to sensitize both Eu(III) and Sm(III). 

















































































































































































































































































































































































































http://lumpac.pro.br/
http://www.jobinyvon.com/usadivisions/fluorescence/applications/quantumyieldstrad.pdf
http://www.jobinyvon.com/usadivisions/fluorescence/applications/quantumyieldstrad.pdf











