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ABSTRACT 

The present theis works deals with molecular designing and synthesis of novel class 

bipolar or ancillary ligand for europium complexes and explore the possibility of using the same 

in white LEDs, temperature sensor and OLED applications 

In chapter 1, a general overview of the development of new-generation optical 

lanthanide based complexes - introduction, literature survey of recent trends and brief objectives 

of the thesis was discus. In introduction, the basic concepts of the lanthanides, OLED device 

materials, LEDs applications and ratiometric thermal sensors were discussed. The main aim and 

importance of the proposed work of the thesis was summarized in this chapter. 

In chapter 2, four europium complexes (Eu(TTA)3Phen-Ph-Ph, Eu(TTA)3Phen-mCF3-Ph 

Eu(TTA)3Phen-pCF3-Ph and Eu(TTA)3Phen-Fl-Ph) were designed and synthesized. The N1-

functionalization of the phenanthro-imidazole ring by phenyl, substituted phenyl moiety (CF3, 

electron withdrawing group), fluorene and their influence on photophysical and electrochemical 

properties of Eu
III

 complexes were determined by experimental and theoretical analyses. Among 

all the ligands, fluorene functionalized ligand shows white emission in the solid state. All the 

complexes (in solid and solution) showed the distinctive emission of Eu
III

 ion at 612 nm, due to 

electric dipole transition (
5
D0→

7
F2). The absence of ligand emissions (solution, thin film and 

solid) in the PL emission spectra of Eu
III

 complexes indicate that the efficient energy transfer 

from ligand to central metal ion (antenna effect), confirmed by DFT, TD-DFT. The HOMO-

LUMO levels were determined by CV studies. Eu-complex was doped in PMMA matrix to 

fabricate the composite film devices (Eu(TTA)3Phen-pCF3-Ph shown highest quantum yield 

78.7 %). The fluorene functionalized ligand integrated with InGaN LED chip (395 nm, forward 

bias 20 mA) show the potentiality of the ligand and shown white emission. The obtained 

efficient red emission from the fabricated LEDs (Eu
III

 complexes coated on InGaN-based near 

UV LED) shown that the currently synthesized complexes could be a potential red component 

for warm white LEDs.  

In chapter 3, A new class of bipolar phenanthroimidazole based (N1 functionalization 

with Ph, mCF3, pCF3 and Fl) ligands and their efficient -diketonate Eu
III

 complexes have been 

designed, synthesized, characterized successfully and their photophysical, electrochemical 

properties have also been investigated. All the ligands and complexes show similar UV-Visible 

absorption behaviour ( - *, at ~270, ~360 nm). Photoluminescence emission spectra of Eu-
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complexes and its ligands were carried out in solution form as well as in solid and thin film. The 

PL study indicates that the Eu-complex emits tunable emission due to incomplete/partial energy 

transfer (white (solution), red (solid)); whereas fluorene decorated Eu-complex shows narrow 

band red emission with appropriate CIE color gamut. The obtained PL emission clearly indicates 

that the efficient energy transfer encountered in case of fluorene based complex. The energy 

transfer mechanism for all the Eu-complexes was proposed based on combined experimental and 

theoretical study (DFT, TD-DFT). The PL lifetime of the Eu
III complexes also supports the PL 

emission behaviour. The Judd–Ofelt spectral intensity parameters, electrochemical study and 

absolute QY (mCF3 based Eu-complex shows better QY of 75.9 %) of the Eu-complexes were 

also been investigated. White and red LED was fabricated using these complexes with near UV 

InGaN based LEDs (395 nm). 

In chapter 4, the efficient -diketonate red emitting carbazole-based Eu
III

 complexes 

were synthesized and their photophysical, electrochemical properties were also been 

investigated. The PL study indicating that the efficient energy transfer from ligand to Eu
III

 metal 

ion (dominant pathway) with appropriate CIE color gamut and time-dependent density functional 

theory (TD-DFT) also confirms the identical. The Judd-Ofelt theory to the emissive properties of 

Eu
III

 complexes was investigated. The Eu(TTA)3Phen-Fl-CBZ complex shown better lifetime 

was found to be 0.64 ms. The absolute PL quantum yield (QY) of the complexes in solid is found 

to be 77.3 % and it possesses high thermal decomposition temperature (235C). The Judd-Ofelt 

intensity and related parameters were calculated for two complexes.  The electrochemical 

analysis was shown narrow band gap energy (HOMO and LUMO). The PMMA film study of the 

complexes showed enhanced results than the solution. The fabricated Eu complexes with 395 nm 

emitted LED (InGaN) chips under 20 mA forward-bias current shown pure red emission and the 

corresponding CIE color coordinates are x = 0.66, y = 0.33. The obtained pure red emission is 

superior as compare to that of the solution and solid form of the complexes and the results are 

shown the presently investigated complexes find potential application in warm white LEDs. 

In chapter 5, A new diphenylamine (DPA) and carbazole (CBZ) functionalized ancillary 

ligands coordinated β-diketonate Eu
III

 complexes shown incomplete or complete energy transfer 

from ligand to Eu
III

 ion. Solvatochromism study of DPA based complex leads to balancing the 

primary RGB colors to obtain single molecule white emission. The temperature dependent PL 

study indicates that the DPA based complex could be used as ratiometric temperature sensor 
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(color changes from blue to yellowish-red via white). In addition, the Eu-complex conjugated 

with near UV LED shown white emission with 0.34, 0.33 CIE coordinates. In the case of CBZ 

functionalized bipolar ligand and its corresponding β-diketonate Eu
III

 complex shown efficient 

energy transfers from the ligand to Eu
III

 center metal ion and emits narrow band red emission 

with apt CIE color gamut. TD-DFT calculations were performed to know the energies of the 

singlet (
1
S) and triplet (

3
T) levels for the bipolar ligand and shown good overlap between the 

ligand triplet level and Eu
III

 excited level. The PLQY is found to be 44.4 %, whereas the DPA 

based complex shown comparatively less QY (supports the inefficient energy transfer). HOMO 

and LUMO energy levels energies (redox reaction) were calculated from the electrochemical 

analysis for the Eu-complexes. The synthesized Eu
III

 complex was doped in PMMA with 

different percentage ratio and found to be concentration variation influence on emission intensity 

and symmetry. The CBZ-Eu-complex conjugated with near UV LED (395 nm) shown red 

emission with CIE color coordinates of 0.66, 0.33 and could find potential application in white 

LEDs.  

In chapter 6, the effect of functionalization of carbazole with spacer in C1 position and 

fluorine in N1 position in the phenanthroline-imidazole based bipolar ligand has been designed, 

synthesised, same is utilized to synthesise Eu(TTA)3Phen-Fl-O-CBZ complex and studied their 

photophysical properties. In addition, phenyl and fluorene functionalization in N1 position of 

phenanthro-imidazole ring (with alkoxy spacer) and its influence on photophysical properties of 

their binuclear Eu- complexes were systematically investigated. The mono and binuclear Eu-

complexes emission spectra (pure red emission) clearly indicate that the complete energy transfer 

from ligand (L) to Eu
III

 ion occurs, since there is no emission from ligand was encountered 

(confirmed by DFT and TD-DFT calculations). It is found that the spacer molecule can decrease 

the energy gap of HOMO-LUMO energy levels (2.6 eV) with respect to that of without spacer 

one and increment in the singlet and triplet energy levels was also observed, consequences 

efficient energy transfer (L to M). The enhanced QY observed by 1% doping with PMMA as 

compare with other doping concentrations (14.2%). Binuclear Eu show dominant electric dipole 

transition of Eu
III

 ion (
5
D0→

7
F2, confirms the Eu

III
 ion in the non-centrosymmetric site). The 

highest QY (59.5 %, for thin film) obtained for the Eu2(TTA)6(L2). The binuclear Eu
III 

complexes were combined with InGaN near UV LED, obtained pure red emission with CIE 

color coordinate values x = 0.65, y =  0.34 and x = 0.66, y =  0.33 for Eu2(TTA)6(L1) and 
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Eu2(TTA)6(L2), respectively. The obtained results indicate that the synthesized complexes are 

potential aspirant for light converting devices. 

In chapter 7, a series of organic chromophores or ancillary ligands (based on 

phenanthroimidazole) conjugated with triphenylamine or carbazole moieties were designed with 

and without spacer and studied their excited state photophysical properties by density functional 

theory and time-dependent density functional theory. The UV absorption analysis shown maxima 

around λmax 288, which is belongs to the -* transition of the ligands. The excited state 

photophysical properties reveal that the location of the triplet level found among three (1a-f, 2a-f, 

3a-f) series 3a-f shown better energy matching with the excited state (
5
D0) of Eu

III
 ion and could 

facilitate the energy transfer from ligand to Eu ion very efficient. In addition, the substituted 

phenyl moiety (mCF3 and pCF3) at N1-position in the phenanthro-imidazole ligand give 

additional benefits by reducing the triplet energy comparatively with other substitution that leads 

to efficient energy transfer from L to Eu ion in the complex could be expected. In addition, 

HOMO and LUMO calculations given lead that some of the designed ligands can also serve as 

host materials for triplet dopant in OLEDs. The systematic theoretical study is certainly leads to 

synthesis of best ligand molecules for Eu complexes. 

In chapter 8, the present works deals with molecular designing and synthesis of novel 

class bipolar or ancillary ligand for europium complexes and explore the possibility of using the 

same in white LEDs, temperature sensor and OLED applications. The observations and the 

conclusions derived from the present investigations are summarized in this chapter.  

 

Keywords: Eu
III

 ion; Energy transfer; White/red emission; LEDs/OLEDs; Sensors; Quantum 

yield; DFT and TD-DFT 
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 Chapter 1  

General Introduction 

 

1. Introduction 

Luminescence is the phenomenon in which emission of light occurs when the de-

excitation of electrons from the excited state to ground state happens i.e. when an 

electromagnetic radiation is applied to solid or gaseous materials to excite the molecules and the 

substance emits photons in the visible region (certain cases infra-red). There are numerous types 

of luminescence available and they are categorized based on their excitation source (Table 1) [1]. 

For example, if the biochemical energy is the excitation source then the observed luminescence 

is called bioluminescence. The source of excitation is used in the suffix for the different type of 

luminescence.  

Table 1.1 Types of luminescence and examples. 

S.No. Type of luminescence Excitation source Example 

1.  Bioluminescence Bio-chemical energy firefly, Photinuspyralis 

2.  Cathodoluminescence Cathode rays  ( high energy 

electrons ) 

Microscope 

3.  Chemiluminescence  Chemical reaction energy luminol + hydrogen peroxide 

→  3 aminophthalate+ light 

4.  Electroluminescence Applied voltage OLEDs 

5.  Photoluminescence Photons ( UV, Visible )  

6.  Radioluminescence X-rays,  γ rays, etc. Radium salt 

7.  Sonoluminescence Sound waves Bubbles in liquid 

8.  Thermoluminescence Thermal stimulation of 

emission, which is excited 

by some other means. 

Sediment grains 

9.  Triboluminescence Mechanical energy such as 

grinding, stress, etc. 

 Diamond  

1.1 Fluorescence and Phosphorescence: 

Luminescence can be divided into two types of emission i.e fluorescence and 

phosphorescence based on their excited state lifetime. Fluorescence is the radiative decay of an 

electron from an excited state to the ground state with same spin multiplicity. It is spin-allowed 

transition and the lifetime is about 10
-9

 sec. Phosphorescence is also the radiative decay from an 

excited state (triplet) to the ground state with different spin multiplicity and in general, it is spin-

forbidden transition, the lifetime is 10
-3 

to few seconds. Jablonsky diagram was used to explain 

the process of electronic transitions or the mechanism of photophysical process in the molecules; 

Jablonsky diagram with lifetime image Figure 1.1. The numerous processes those are available 

to get the radiative light emission from different sources. Among all the process the fluorescence 

and phosphorescence are major phenomena, which are majorly depends on the time scale [2-4].  
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Figure 1.1 Electronic transitions of photophysical process in the molecules (Jablonsky diagram 

with lifetime). 

1.2 Lanthanide luminescence: 

In the periodic table, the lanthanide series have fascinating and specific or characteristic 

light emitting features. Because, the emission spectra of transition-metal complexes and organic 

dyes are asymmetric and wide-ranging with a huge full width at half maximum (FWHM) is more 

than 3000 cm
−1

, due to d-orbitals evolution [6, 7]. But in the case of lanthanides (Ln’s), it 

consists of 4f - 4f electronic transition (Ln contraction), which leads to efficient monochromatic 

characteristic emission (luminescence), no ligand field interactions are involved in the 4f orbitals 

of Ln’s and hence the emission and excitation lines are very sharp. In Ln series, among 15 

elements including lanthanum (La, G. S. 
1
S0), consists of different valence states (common +3), 

+2 is the lowest and +4 is the highest valency [8]. The formation compound encountered by 

reacts Ln with another element; it usually loses three of its outer electrons. It leads tri-positive 

ions and occasionally develops less stable +2 or +4 ions also [9, 10].  

1.3 Classic Dieke Diagram for Lanthanide ions: 

The classic Dieke diagram of lanthanide ions is shown in Figure 1.2 [11]. All the 

lanthanides have multiple energy levels and the emissive excited state is highlighted (thick black 

color).  For example in the case of Eu
3+

 the emissive excited state is 
5
D0 level. In the diagram 

one can observe that the many lanthanides emit in the visible spectral windows (example, Dy
3+

 

emits in the yellow region, Eu
3+

 emits in the red, Sm
3+

 emits in the orange red etc.,). In addition, 

other lanthanides such as Ho
3+

,
 
Er

3+
, Tm

3+
 and Yb

3+
 are known to emit in the infra red region 

(applicable to optical communication etc.,). More specifically, lanthanides can have described by 

two ways, which are fluorescent – praseodymium (Pr, GS. 
3
H4), neodymium (Nd, GS. 

4
I9/2), 

holmium (Ho, GS. 
5
I8), erbium (Er, 

4
I15/2), ytterbium (Yb, NIR region, G. S. 

2
F7/2) and 

phosphorescence - orange samarium (Sm
III

, GS. 
6
H5/2), red europium (Eu

III
, G. S. 

7
F0), ultraviolet 

gadolinium (Gd
III

, GS. 
8
S7/2), green terbium (Tb

III
, GS. 

7
F6), yellow dysprosium (Dy

III
, 

6
H15/2), 
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blue thulium (Tm
III

, GS. 
3
H6) [12-14]. Figure 1.3 indicating the energy levels of the furthermost 

operational selected Ln metal ions (Ln - Tm, Tb, Dy, Sm and Eu) according to their emission 

color.  

 

Figure 1.2  Classic Dieke diagram for rare earth ions. 

 

Figure 1.3 The energy levels of the most functioning selected Ln (Ln - Tm, Tb, Dy, Sm and Eu) 

metal ions according to their emission color. 
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Ln based complexes are attractive due to their own merits such as unique optical 

properties (4f-4f and 4f-5d electronic transitions), high quantum yield, long luminescent lifetime 

(ranging from μs – ms), low long-term toxicity, and structural versatility [15-18]. There are 

numerous reports documented on luminescent Ln complexes for different applications, such as 

tunable lasers, plastic optical fiber amplifiers (POFA), multi-color displays, solar energy 

convertors [19, 20] cathode ray tubes [21] air craft and space shuttles, fluoro-immune assay, 

biomedical analyses, optical sensor cells [22] sensing reagents of chiral biological substrates and 

photonic crystals, tissue imaging, medical diagnosis and protein labelling [23-27]. 

Eu
III

 based complexes are extensively growing attention for medical diagnostics [28, 29], 

biomarkers [30], electroluminescent materials [31], white LED (environment friendly) [32], 

materials owing to their simple energy levels of Eu
III

 as well as efficient line like or narrow band 

red emission. Eu
III

 and Tb
III

 based complexes exhibit numerous appropriate characteristics when 

associated with that of conventional organic fluorophores; which makes them prominent 

candidate for the biomedical imaging applications such as long excited state lifetimes (usually in 

the milliseconds range), large energy shift between absorbed and emitted radiations (in the case 

of ligand sensitization) and very narrow emission bands. These two effects allow the separation 

of Ln
III

 luminescence and the short-lived background fluorescence. 

1.4 Energy transfer Process: 

1.4.1 Photoluminescence Process 

When the light energy falls on the material, electrons are excited from ground state to 

higher energy states of singlet state and it leads to population of ligands singlet state (Figure 1.4). 

The singlet state electron subsequently decays through intersystem crossing (ISC) to a triplet 

state. The ISC is a radiationless transition between dissimilar spin states. From triplet state, it 

leads to the population of emissive f excited states via Forster-type dipole-dipole exchange or 

Dexter mechanism (Figure 1.5) [33].  

 
Figure 1.4.  Simplified mechanism for emission process 

1
S = Singlet state, 

3
T = Triplet state,  f = 

Radiative excited state, f* = Excited state, FL = Fluorescence, PL= Phosphorescence, Lm= 

Luminescence, NR= Non-radiative path ways, ISC= Inter system crossing, ET = Energy transfer, 

BT = Energy back-transfer, IC = Internal conversion. 
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Figure 1.5. Energy transfer mechanism of Donor-Acceptor (Host – Guest). 

Finally, the energy comes to ground state with appropriate emission. In the forster-type 

dipole-dipole exchange mechanism, the columbic interaction is that which arises when the dipole 

of the excited antenna induces a dipole in the acceptor (Ln). In case of Dexter, an exchange 

interaction requires a mutual electronic exchange between the antenna and the metal-centre 

acceptor. In Dexter type mechanism, the energy transfer occurs through the overlapping orbitals 

of the antenna and the metal ion. 

1.5 Why Europium Complex: 

It is well documented that the Eu
III

 based complexes are used as ratiometric optical 

sensors by monitoring two major emission bands, most commonly the magnetic dipole 

(MD) transition 
5
D0 → 

7
F1 (ΔJ = 1) and electric dipole (ED) transition 

5
D0→

7
F2 (ΔJ = 2) 

bands [34-41]. The MD induced ΔJ = 1 transition is relatively insensitive to changes in 

coordination, whereas the ΔJ = 2 and ΔJ = 4 transitions are hypersensitive and generally 

change substantially upon formation of a new complex. Due to their parity forbidden 

intra-configurational 4f–4f transitions, the Eu
III

 ions feature very low absorption 

coefficients or oscillator strength and hence their direct photoexcitation is inefficient. It is 

very much necessary to have sensitizer (organic chromophoric ligands), which can 

indirectly populate the higher excited level via energy transfer to boost the emission 

intensity of Eu
III

 ion [42]. The energy transfer or sensitization process usually involves a 

triplet excited state of a ligand thus requiring efficient intersystem conversion (ISC) in the 

ligand (facilitated by the heavy metal ion effect) as well as an appropriate alignment of 

the triplet state energy (T) over that of the accepting lanthanide state(s) (quantum 

efficiency 100%, theoretically possible) [43].  

In addition, ligand to metal (L-to-M) energy transfers embrace the L-to-M charge 

transfer (LMCT) are analyzed by recent theoretical computations (combined Density 

Functional Theory (DFT) and Time-dependent density functional theory (TD-DFT) 

analysis). It is arising because of radiative and nonradiative competitive transitions. The 

intramolecular energy transfer process by Weissman, [44] Dexter, [45] Crosby et al., [46] 

were already described in three major ways for typical binary arrangements involving 

anionic ligands and lanthanide ions. First mechanism is
 1

S to higher energy or 
5
D0 levels 

through internal conversion (IC), second mechanism is energy transfer to Eu
III

 from triplet 

(
3
T) by 

1
S through ISC and third mechanism is direct energy transfer from singlet via 

mixing of 
1
S and 

3
T to higher excited Eu

III
 levels. In the case of Eu

3+
, an optimal energy 
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gap (ΔE) should be in the range of ∼2500–3000 cm
−1

. Improper alignment of triplet 

energy to the Eu excited levels (lower ΔE values) would enable back energy transfer and 

thus reduce sensitization efficiency or possibility of obtaining multiple emissions from 

ligand as well as metal centre. The exact supportive results were investigated by Latva et 

al., [43] It is well identified that the Eu
III

 metal ion excited 
5
D0 energy level located at 

17250 cm
-1

 [47].
 
In addition to that singlet state should be located higher than >24,750 

cm
−1

 and triplet state located higher than >19,750 cm
−1

 leads to highly efficient emission 

and irreversible energy transfer. It is also supported by Reinhoudt’s empirical rule, [48]. 

Energy transfer process from ligand to center Eu
III

 metal ion through ISC process is 

shown in Figure 1.6.
 

 

Figure 1.6. Energy transfer process from ligand to center Eu
III

 metal ion through ISC process. 
1
S 

= Singlet state, 
3
T = Triplet state, 

5
DR (0, 1, 2...) = Excited state, FL = Fluorescence, PL= 

Phosphorescence, NR= Non-radiative path ways, ISC= Inter system crossing, ET = Energy 

transfer, BT = Energy back-transfer. 

Europium complexes are extremely important in organic light emitting diodes and white 

LEDs as well as ratiometric temperature sensor. The ligand triplet energy levels are responsible 

for the multiple emissions through incomplete/complete energy transfer process. Solid state 

lighting (SSL), down converting phosphors or organic fluorophores is essential component and 

play vital role in converting the LED emission in to white emission [49-51]. Various approaches 

have been developed for fabricating white LEDs with the aim of producing white emission 

optimal for the human eye. Current white LED technology relies on either the blue LED 

combining yellow emitting phosphor or near UV LED with tricolor red, green, blue (RGB) 

phosphor. The white light attained from the near UV LED conjugated with tricolor phosphor is 

highly dependent on the color/wavelength convertors, as human eyes are not sensitive to near 

UV. This method overcomes certain technological figure of merit of the blue LED + yellow 

phosphor based white LEDs (color rendering index and halo effect). Although there are several 

organic fluorophores that are capable of emitting individual red-blue-green (RGB) color; 
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however, white light generated by single molecule (single-component approach) have several 

advantages than that of simple RGB mixing (multi-component emitters) [52]. The benefit 

includes improved stability; stable commission International de I’Eclairage (CIE) color 

coordinates as well as simple fabrication process. White light creation by aggregated induced 

emission in single organic molecule has also been reported. Iridium-based molecular complex 

emits white light (all the way from 440 to 800 nm in the spectral window) [53]. By utilizing the 

sensitizing/energy harvesting capability of Ir
III

 ion to lanthanides,  the Ir-Eu dyad was used to 

release the white light (bluish-green emission from Ir
III

 and red emission from Eu
III

 ion) [53b, c]. 

Although, generating white emission from the single molecular complex is still a bottleneck.  

1.6 Eu-complexes for OLEDs: 

Organic light emitting diode device is simple, where the emissive organic 

molecule sandwich between two electrodes. When the device is forward bias, the 

electrons injected from cathode (low work function) into LUMO electronic state and 

holes injected from anode into neighboring HOMO recombine in the middle of the device 

(emissive layer) leads to form excitons. Finally, it produces light, so called 

electroluminescence (Figure 1.7), [54, 55]. From the reported articles, mobility of the 

holes is more in the order as compared to electron mobility [56]. In this case if there is no 

charge balance, the recombination moves towards anode or cathode with respective 

voltages, resulting in decrease of the luminescence from emissive layer, unwanted 

emission by charge combination in the Alq3 layer [57, 58]. Aziz et al., confirmed that the 

injection of holes into ETL (Alq3) is the main factor responsible for deficiency of device 

[59]. Koji Itano et al., also observed exciplex formation at the interface of Alq3 and lower 

transport potentials of HT materials [60]. For the increasing recombination through 

charge balance in emissive layer, introduce hole blocking layers (HBL) [61] or electron 

blocking layers (EBL) [62]. In certain devices HBL acts as both electron transporting 

(ETL) and hole blocking properties [63]. The position of the branched groups 

arrangement [64, 65] nature of electron withdrawing groups, sublimation, distance 

between the ligand and central metal ion (Eu
III

) within the complex, recrystallization 

tendencies, phase separation, energy levels of the host and guest molecules (highest 

occupied molecular orbital (HOMO), lowest unoccupied molecular orbital (LUMO) 

levels), concentration of organic materials and their size of  the layers, addition of layers 

(thin film) methods, character and nature of Eu
+3

 metal ion complexes (rigidity nature) 

and resistant oxidation are influencing the carrier charge transportation results 

manipulating on efficiency [66-71].  

To explore the optical and EL properties one need to confirm the study in thin 

films. To achieve smooth and uniform amorphous thin films, this can be generated by 

vacuum deposition or spin coated (ink-jet, dry rolling and screen printing), [72-74] 

amorphous materials are superior. The thickness of the ITO layer and reactive index are 

responsible for the external coupling efficiency. For the efficient carrier injection, hole 

and electron layer with a low HOMO or high LUMO level are suitable [75]. The 

absorption energy of the guest is less than that of emission energy of host material, 

leading to increase in the emission efficiency of the guest. Most of the devices are made 

by vacuum thermal evaporation and it is satisfactory by excellent ambipolar CBP host 

matrix and TPD, NPB are hole-transporting moieties. Alq3 is good electron-transporting 

moiety. PVK and PFO are spin coated host mediums (including PBD), PEDOT:PSS 
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(hole-injecting) and PVK (hole-transporting layer) are hole related moieties. BCP act as 

bifunctional emission layer in the device. As the formation of excitons in the device is 25 

% singlet and 75% triplet (by theoretical prediction) and harvesting the triplet excitons to 

the ground state is attractive research task.  It is necessary to have heavy metal ion as the 

triplet emission to the ground state is restricted, according to spin selection rule.  Ln 

containing molecular complexes are able to give 100% internal QE (IQE) by harvesting 

the unwanted excited triplet excitons to the ground state and the same is shown Figure 

1.7, right.  The IQE can be calculated by the following equation. The QY () is the ratio 

of emitted to absorbed photons and reflects the efficiency of the emission process, [76]. 

Electroluminescence (ηel) = ηint X ηex. The IQE (ɳint) of an electroluminescent 

device is the ratio of formed photons to injected charges which combine to form excitons. 

Internal QE (ηin) =  ҳ Фfl ηr. Here, ηr = fraction of injected charge carriers that form 

excitons, ҳ = fraction of charge carrier recombination that form singlet excitons, Фfl = 

photoluminescence efficiency of dye and ηex= external quantum efficiency. 

 

Figure 1.7 Electroluminescence emission from the OLED device (left) and the utilization 

of 
1
S and 

3
T for 100% IQE (right). 

1.6.1 TTA and Phen based Eu-complexes for OLEDs: 

The two or three (frequently) β-diketone bidentate anionic ligands occupies the 

coordination site of the Eu
III

 ion and addition to that one or two neutral ligands (bi, tri or 

tetra) occupies to full fill the coordination sphere of the complex (coordination number 

ranging from 8 to 10). The first binary Eu
III

 complex was made Eu(TTA)3 and after that 

Eu(DBM)3 was reported. Based on the popular anionic antenna’s, we styled in different 

ways to undertand better way the Eu luminescence and their use in OLEDs. The β-

diketone bidentate ligands were separated according to TTA and DBM including the 

TPPO core resources. Figure 1.8 presents the TTA based antennas for OLED 

applications. 
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Figure 1.8. The β-diketonate (TTA based) anionic antenna’s for Eu
III

 complexes. 
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1.6.2 TTA as anionic ligand: 

J. Kido et al., and Y. Okamoto were introduced Eu
III

 metal ion with TTA based EL 

device. Eu complex AA have non-volatile nature. So the PMPS and Eu are spin coated and PBD 

was made by vacuum deposition. The device configuration is glass substrate / ITO / PMPS 

doped with (20 wt %) AA (600 A
o
) / PBD (600 A

o
) / Mg (100 A

o
) /Ag (1500 A

o
) and observed 

red emission with turn-on voltage (TOV) 12 V, maximum intensity of 0.3 cd / m
2 

at 18 V, [77, 

78]. After their invention, the same complex with connected Phen was taken in different device 

structures and made improvement towards high efficiency. Takada et al., designed a micro cavity 

structure with using SiO2 / TiO2 bilayers. Device fabrication is SiO2 / TiO2 bilayers / ITO / TPD / 

AB / Alq3 / Mg : Ag. A planer microcavity is constituted by dielectric reflector and the Mg Ag 

metal electrode, when operated under DC drive voltage, observed sharply directed emission from 

the europium complex [79]. 

 

Eu 1
3

AA: Eu(TTA)3                

N

N

Eu 1

AB: Eu(TTA)3Phen

33

 
Sano and co-workers, [80] are studied same Eu-complex to improve the 

electroluminescence using co-deposition method for complex doped in host material (1AZM-

Hex) in emission layer. From the device with only HTL or ETL, no emission observed because 

of poor transporting property in the solid state but in the case of both layer device shows 

maximum luminescence 7 Cd m
-2

 (16 V, 125 mA cm
-2

). Introduction of host material in the 

device with only HTL in different wt% of Eu-complex, 5 wt% shows red emission and it is better 

than both layer device. The device structure is ITO / TPD / 1AZM-Hex : AB / Mg In (10:1, 2000 

A
0
) and a maximum luminance of 137 cd / m

2
 at 200 mA cm

-2
.   

Sano et al., [81] also studied the EL properties of the AB. The synthesized AB is an 

emitting layer with red emission in the El organic light emitting diodes. Organic layer is vacuum 

deposited and the device structure is glass substrate/ ITO / TPD / AB /Mg:In. Eu complex PL 

wavelength is 614 nm. The device PL originates transition between energy levels of the Eu
III

 ion 

and not shows emission effectively, because of lower EL efficiency. Observed luminescence is 

very poor at 100 cd m-
2
. 

Adachi and co-workers, [82] reported based on energy transfer process in the device.  

The host material (CBP) was doped with Eu-complex (AB) in different concentrations. Device 

structure is ITO / TPD (50 nm) / CBP : AB (1%) (20 nm) / BCP (10 nm) / Alq3 (30 nm) / Mg : 

Ag (10:1, 100 nm) achieve a maximum external EL quantum efficiency (η) of 1.4% at a current 

density of 0.4 mA / cm
2
 and maximum luminescence 505 cd / m

2
 at 12 V and 100 mA cm

-2
. A 

significant decrease of QE was observed with increasing current along with increase in CBP host 

emission due to triplet-triplet annihilation on CBP molecules following back transfer from TTA, 

because of near resonance of TTA and CBP triplet state. From this, conclusion was made that the 

direct trapping of electrons and holes and subsequent formation of the excitons occurs on the 

dopant, leading to high QE at low current densities. It was further, analyzed by Y. Ohmoria et. 
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al., [83] by fabricating single layer based ITO / AB : PVK / Mg : In device. The emission peak 

perceived from Eu compound and PVK at 610 nm and 420 nm, respectively. Ratio of emission 

peak intensity is decreased with an increasing of Eu concentration and at >0.01 mol% of 

concentration red emission was observed. From energy band diagram, formed excitons are 

transferred successfully to Eu-complex from PVK host.  

1.6.3 TTA modification 

In 1998, Keizou okada et.al., [84] a novel complex-AC was  introduced as a emitting 

layer between HTL and cathode (sandwiched type) in organic EL device and the device structure 

is Glass substrate/ ITO (sheet resistance 10 /square / TPD (600 A
o
) / AC (600 A

o
) / Al : Li  

(99 : 1) (2000 A
o
). Bright red emission with maximum luminescence 34.3 cd / m

2 
at 12 V and 

current density 25.7 mA / cm
2
 and the organic layer was vaccum deposited. The identical PL 

spectra and EL spectra suggested no interaction between TPD layer and Eu complex and 

recombination at Eu-complex layer. In the same year Okada et.al., [85] substituted methyl group 

in complex-AC (Eu(MDFP)3(phen), AD) (MDFP=5-methyl-l,3-di-(2-furyl)-l,3-propanedione, 

phen= 1,10-phenanthroline). Device structure is glass substrate / ITO / TPD (600A
o
) / AD (600 

A
o
) / Al: Li (99:1) (2000 A

o
), and showed max. luminescence 32.0 cd m

-2
 at 9 V and 25.7 mA 

cm
-2

.  

N

N

Eu 3
3

AC: Eu(DFP)3(Phen)
  

N

N

Eu 4
3

AD: Eu(MDFP)3(Phen)
 

Zhang et al., [86] introduced Eu-complex layer with PVK and PBD (30 wt %) blend in 

the device in different doping concentrations (0.2 - 8 %) to achieve the hole and electrons in the 

device equal at active (emissive) layer. The emission originates from the PVK : PBD host is 

decrease with increasing dopant concentration. Around 8 % was completely disappeared; it 

means high efficiency energy transfer from complex, AG to host system. Due to the large site-

isolation effect, the dendritic phenylene (polyphenylene) functionalized europium complex 

shows an enhanced EL efficiency. This polyphenylene groups are decrease self-quenching of 

europium complex compare to other two and it observed by PLQE. The general configuration of 

device of Eu-complexes (X = AE, AF and AG) is ITO/PEDOT:PSS (150 nm)/ PVK:30 wt % 

PBD : X Eu-complex (75 nm)/ Ba (4 nm)/ Al; (200 nm). The charge trapping in the doping 

system is observed, it was confirmed by increasing turn-on voltage with increasing doping 

concentration. The highest EQE and maximum luminescence was observed for complexes, AE, 

AF and AG are 0.22, 0.34, 0.42 % and 166, 272, 277 cd / m
2
, respectively at 0.2 wt % doping 

concentration with red emission. When the introducing of TBPI is as a HBL in the device with 

Eu- complex (0.5%), observed EQE, luminous efficiency and max. luminescence are 0.72, 0.79, 

1.90; 0.78, 1.93, 2.01 and 332, 640, 319, respectively.  
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AE: Eu(TPD)3Phen

N

N

Eu 10 3

AF: Eu(Ph-TPD)3Phen

N

N

Eu 263

N

N

Eu 27
3

AG: Eu(G1-Ph-TPD)3Phen
 

The absorption energy of the guest (G) is lesser than that of emission energy of host (H) 

material. Based on this M. Uekawn et.al (1997), [87] synthesized different groups and 

introduced AB, AH, and AI. PL emission was greater for AI, (370 nm) than other AB, (343 nm) 

and AH, (351 nm) with of comparing the spectral overlap between AI and TPD emission. The 

absorption peak of AI complex shows at lower energy with respect to emission energy of the 

host due to energy transfer to AI complex, from TPD (HTL) higher than that of AB and AH 

complexes.  

Gong, et al., [88] introduced two novel carbazole based Eu
III

 complexes, AJ and AK. (2-

(4’4’4’-trifluoro-1’3’ - dioxobutyl)-carbazole (2-TFDBC) and 2,7-bis(4’4’4’-trifluoro-1’3’ -

dioxobutyl)-carbazole (2,7-BTFDBC)). Both the complexes have best decomposition 

temperatures (> 361 °C). The expanded π-conjugation leads to red shift in the complex excitation 

band (towards visible region). The obtained high color purity was almost reached NTSC 

standards with Commission internationale de L’Eclairage (CIE) coor-dinates of (0.68, 0.32). AJ 

shown relatively high PLQE (28%) than rest of the complex (10%) and which is due to reduced 

Eu–Eu distance in dinulear structures.  

N

N

Eu 17 3

AH: Eu(FIHA)3Phen AI: Eu(DNM)3Phen

N

N

Eu 31 3

AJ: Eu(2-TFDBC)3Phen

N

N

Eu 19 3

AK: Eu2(2,7-

BTFDBC)3(Phen)2

N

N

Eu 23 3

2

 

The fluorination is a feasible way of increasing emission efficiency via reduction of 

vibrational deactivation from their associated high energy oscillators. It can also explain as 

curbed C-H vibration by fluorination.  In the case of the complex AM and AL have showed low 

device efficiencies. However, the complex AN was showed enhanced PLQY, which is almost 

reached to 34%, [89-91]. 

AL: Eu(22)3Phen

N

N

Eu 22 3

   
AM: Eu(21)3Phen

N

N

Eu 21 3

AN: Eu(ETFMCTFBD)3Phen

N

N

Eu 20 3
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As we know that the pyridine, imidazole and 1,3,4-oxadiazole (OXD) are strong electron-

transporting capable moieties. Utilizing these materials for Eu
III

 complexes to modify the BTA to 

improve sensitizability of the ligands as well as thermal and luminescent enactment; proposed a 

similar type of complexes AO, AP, and AQ [92-94]. The introducing conjugate extension hetero 

cyclic groups by Gong and co-workers are shown bathochromic shift in the absorption spectra. 

These Eu
III

 complexes have PLQY is 14-18%. Europium ternary complex coated onto an ~395 

nm-emitting InGaN chip and achieved red emission with appropriate CIE chromaticity 

coordinates. The complex AO exhibited a ligand-sensitized luminescence process (antenna 

effect) and light-emitting diode with an improved PE of 0.53 lm W
−1

. AO, AP and AQ are 

shown CIE (0.66, 0.33). In addition to achieve the good efficiency and stability for the 

complexes, Eu(TPBDTFA)2(TPATFA)Phen, Eu(MEP)3Phen and Eu(MEP)3 are synthesized by 

mixing of different ratios of two β-diketonates. The complex AR was shown good thermal 

stability. and however, it is less compared to that of mixing of different ratios of two β-

diketonate complexes. Introducing the carbazole moiety in the ligand enlarged the π-conjugated 

system of the ligand as well as enhanced the Eu
III

 complexes luminescent intensity. 

AO:Eu(IDTFBD)3

Phen

N

N

Eu 13 3

AP:Eu(MPBDTFA)3P

hen

N

N

Eu 24 3

AQ:Eu(TPBDTFA)

3Phen

N

N

Eu 25 3

AR:Eu(TPBDTFA)2(T

PATFA)Phen

N

N

Eu
25

2

TPATFA

 

1.6.4 Modification of Phen: 

Pei Sun et.al., introduced PyPhen, MPP, DPPz, MDPz, DDPz and BDPz ligands with 

Eu(TTA)3 moiety (AS, AT, AU, AV, AW and AX), [95-97]. Which are developed for high 

sensitizability and electroactivity for luminescent Eu
III

 complexes. Li et al., worked additionally 

on the same by computational resources (DFT) and analyzed the small sized ligands can undergo 

ligan to metal energy transfer efficiently. It leads to higher 
1
S and 

3
T levels. It is strictly follow 

by AB, AS and AT complexes through the empirical rule that the excited energy transfer (EET) 

must be larger than 0.43 eV and excited inter-system crossing (EISC) must be larger than 0.62 

eV. Rest of the complexes was shown low efficiency due to mismatching of the energy levels.  

It is also found that the contribution of fused pyrazine rings considerably reduced the 

LUMOs of the complexes (−2.8 to −3.0 eV). Device general structure is ITO/ TPD (or) NPB (50 

nm) / Eu : CBP (1.7 - 7.6 %) (30 nm) / BCP (20 – 30 nm) / Alq3 (25 – 35 nm) / Mg : Ag. 

Compare to all Eu-complexes, AX exhibits 550 nm strong emission; 612 nm weak emission 

from center metal Eu
III

 ion and strong emission is closed to free BDPz. It is proposed that 

intramolecular energy transfer from ligand to Eu metal ion seems incomplete in the complex. 

AS : CBP at 2.6 % exhibits luminescence (L)1309 cd m
-2

 with less EQE (ext), but at 7.6% 

exhibits 757 cd m
-2

 with EQE 1.15% and current efficiency 2.16 cd A
-1

. AT : CBP at 1.7 % 

exhibits 1256 cd m
-2

 with EQE 1%. AU : CBP at 2% exhibits 2046 cd m
-2

 with less EQE, but at 

4.5% exhibits 1670 cd m
-2

 with EQE 2.05% and AW : CBP at 2 % given 1528 cd m
-2

 with less 

EQE, at 5 % given 1248 cd m
-2

 with improved EQE 1.24 %. Author observed, by improving the 

concentration of dopant, AT and EQE are changing different way (unmatchable). The relative 
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HOMO and LUMO energy levels of the materials that are used in the device structure 

[NPB/Eu:CBP/BCP/Alq] is shown in Figure 1.9.   

N

N

N

N

Eu 1

AS: 

Eu(TTA)3PyPhen
AU: Eu(TTA)3(DPPz)

AX: Eu(TTA)3(BDPz)

N

N

N

N

Eu 1

N

N

N

N

Eu 1

N

N

N

N

Eu 1

N

N

N

N

Eu 1

N

N

N

N

Eu 1

AW: Eu(TTA)3(DDPz)

AT: Eu(TTA)3(MPP) AV: Eu(TTA)3(MDPz)

3 3 3 3

33

 

 

Figure 1.9 The relative HOMO/LUMO energy levels of device structure 

[NPB/Eu:CBP/BCP/Alq]. 

The above structure related Eu
III

 complexes were introduced by utilizing an indole-fused 

PyPhen based ligand BB [98]. The complex consisted bipolar structure that combines electron-

donating indole and electron-withdrawing pyrazine moieties. Addition to the same indole-fused 

ligand moiety was replaced by thiadiazole for Eu
III

 complex (Eu(TTA)3(TDAP), BC) [99] as an 

extended the conjugation of 1,10-phenanthroline was introduced by Pereira et al., in 2011. 

Incorporation made as electron-deficient five-membered thiadiazole ring to enhance the electron-

injection ability of the ligand. The fabricated bilayer device is ITO / NPB / CBP : BC / Al. The 

HOMO and LUMO of BC were located at −5.7 and −2.6 eV, respectively.  
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N

N

N

N

Eu 1
N

BB: Eu(TTA)3DIQ-Et

3

 

N

NN
S

N

Eu 1

BC: Eu(TTA)3TDAP

3

 

The Phen was substituted with different types of electron withdrawing and electron 

donating groups. The overview of a chlorine-substituted group shown improved EL performance 

compared to that of a nitryl substitution. The increased significant EL efficiency by reduction of 

the energy loss was initiated by light hydrogen atom vibration. The devices structures are, ITO / 

TPD / CBP : AB / BCP / Alq3 / LiF / Al, η c: 1.73 cd A
−1

, ITO / TPD / CBP : BD / BCP / Alq3 / 

LiF / Al, η c: 2.34 cd A
−1

, ITO / TPD / CBP : BE / BCP / Alq3 / LiF / Al, η c: 0.98 cd A
−1

, [141]. 

Fang and Ma also introduced methyl substituted Phen, trivalent Eu
III

 complex BG into ITO/ TPD 

(40 nm) / Eu complex: CBP (1%, 30 nm) / BCP (20 nm) / Alq3 (30 nm) / LiF (1 nm) / Al (100 

nm) device. Observed max. luminance up to 800 cd/m
2 

at drive voltage 24.5V, an external 

quantum efficiency of 4.3%, current efficiency of 4.7 cd/A, and power efficiency of 1.6 lm/W 

and at the brightness of 100 cd/m
2
, the quantum efficiency reaches 2.2% (2.3 cd/A).  The EL QE 

decreases with increasing current, recombination of long-lived triplet excitons cause 

luminescence. The same explained by the help of triplet-triplet annihilation on CBP molecules 

following back transfer from TTA due to the neighboring resonance, [100, 101]. 

N

N

Eu 1

BE: Eu(TTA)3NPhen

33

O2N N

N

Eu 1

BF: Eu(TTA)3DmPhen

33

N

N

Eu 1

BG: Eu(TTA)3TmPhen

33

 

4, 7- positon substituted Phen by carbazole moieties were introduced by Zucchi and co-

workers [102] for Eu
3+

 complex, BH. The energy transfer from the 
3
T level of ligand to Eu

III
 

metal ion was well suited for the LMET process. Which is supported by the ligand broadened 

absorption in the range of 300-400 nm did not lead the change of the 
3
T state (21,000 cm

-1
). The 

bulky nature of neutral ligand was providing the protection for excited Eu
3+ 

from quenching as 

well as improve the long emission lifetimes (0.66 and 0.80 ms in acetonitrile solutions and films, 

respectively). It leads to high PLQE (80%) in a poly(methyl methacrylate)(PMMA). 

N

N

Eu 1

BD: Eu(TTA)3ClPhen

33

Cl
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Utilizing the both hole-transporting triphenylamine (TPA) and electron-transporting 

oxadiazole (OXD) based two novel bipolar-transporting binuclear Eu
III

 complexes were reported 

(BI and BJ) [103]. Both have separated by spacer moiety (hexyl linker) to arrest the conjugation. 

Fully conjugated complex was shown high thermal stability with a decomposition temperature of 

304 °C (higher than that of non-conjugated complex). The structure of single-layer PLEDs were 

fabricated is ITO / PEDOT:PSS (50 nm) / PVK - PBD (30 wt %) : europium(III) complex (70 

nm) / LiF (0.5 nm) / Al (150 nm). The emitting layer consists host matrix of the PVK-PBD 

blend, the weight ratio of PBD is 30 % and doping weight vary from 1, 2, 4 to 8 wt for 

europium(III) complexes concentration. BI The molecular complex have good carrier injection 

and transporting abilities and the fabricated device shown luminance up to 296 cd m
−2

 at low 

turn-on voltage of 8.5 V. 

1.6.5 Both TTA and Phen modification: 

In 1999, Keizou okada, et. al.; synthesised a novel Eu based BK as an essential 

component layer in double and triple layer EL devices by vacuum deposit in technique. Triple 

layer EL device is higher luminesence than that of double layer device due to the introduction of 

ETL (Alq3).  

BK: Eu (DTP)3(Dipphen)

N

N

Eu 2
3

 
Device fabrication was followed in the following manner glass substrate/ITO / TPD (600 

A
o
) / BK (500 A

o
) / Alq3 (200 A

o
) / Al : Li (99:1)(2000 A

o
). The turn-on voltage is 5, max. 

luminescence is 450 cd / m
2 

at 15 V and current density 200 mA / cm
2
. Decrease in luminescence 

was observed > 16v.  This is because of existence of dark sports created between Eu layer and 
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Al-Li interface due to the humidity and presence of Oxygen. Decreasing of emissive layer (300 

A
o
) thickness appears a broad peak at 535 nm coming from Alq3 (500 A

o
). It states that the 

energy transfers from Eu-layer to Alq3. It is shown better improvement when compare to that of 

oxygen consisted antenna complex (AC). 

1.7 Eu complexes for white LEDs: 

Recently, Eu complex gained much attention due to their emerging technological 

applications such as SSL (essential component as a red emitting phosphor for near UV or blue 

LED based warm white LEDs). By combining the Eu complex with inorganic color convertors 

the white light emission can be realised.  For example, the hybrid white LEDs could be 

fabricated by combining the phosphors in a polymer matrix, the same is placed in the top of LED 

chip and by integrating the light from LED chip and emission from phosphor could produce 

white light (shown in Figure 1.10). 

 

Figure 1.10 Structure of white LED based on near UV LED chip 

The molecular structure which are used in this section are summarised in Figure 1.11, 

1.13, 1.15, 1.16. Lee et al., has fabricated hybrid white LED by combining SrAl2O4:Eu
2+

 (for 

green (520 nm) emission) and Sr4Al14O25:Eu
2+

 (for blue (490 nm) emission) and new organic Eu 

metal complex, Eu(BTFA)3phen (for red (614 nm) emission, complex-1). The fabricated white 

LED electroluminescence spectrum shows typical RBG emission and the CIE values (0.321, 

0.365) are better than that of the typical commercial Nichia white-light LED (0.297, 0.297).  It is 

worth to note that the preliminary lifetime test indicated that the phosphor is robust, showing no 

degradation over a period of 100 h, [104]. 

Several Eu based complexes (complex 1-6 along with 3 phosphine based Eu complexes) 

were taken and studied their photoluminescence properties for white LEDs. Among all the 

complexes, phosphine oxide based -diketone Eu complex (given below) shown better 

luminescence quantum yield.  Eu complex (described below) integrated with near UV LED 

given intense red light with luminous intensity was over 200 mcd (20 mA) and these type 

complexes (fluorescence compounds) are promising for application in warm white LEDs, [105]. 

N. J. Xiang et al., designed and synthesised novel Eu
III

 tetrabasic complex, Eu 

(TPBDTFA)2(TPATFA)Phen (complex-7) for white LED applications. The complex-7 exhibits 

bright red emission due to the 
5
D0

7
FJ transitions of Eu

III
 ions with appropriate CIE 

(Commission International de l'Eclairage, International Commission on Illumination) 
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chromaticity coordinates (x = 0.64, y = 0.35) under exc = 230–470 nm. The luminescence QY 

for the complex-7 is 0.126 and the decomposition temperature is found to be high (383.4 °C) 

from thermogravimetric analysis (TGA). An intense red-emitting LED was fabricated by 

combining the mono-phosphor (complex-7) with a ∼395 nm emitting InGaN chip [106]. 

 

 
Figure 1.11 The molecular structure of Eu-complex. 

Pei He et al., reported an efficient red-emitting Eu
III

 organometallic complex 

Eu(ECTFBD)3phen (complex-8), where ECTFBD was 1-(9-ethyl-9H-carbazol-3-yl)-4,4,4-

trifluorobutane-1,3-dione and phen was 1,10-phenanthroline. Combined spectroscopic and 

thermogravimetric analysis reveals that the complex-8 exhibits a high thermal stability and 

excellent photoluminescence properties. Ligand-sensitized luminescence was observed due to the 

energy match between the triplet level of ligand and Eu excited (
5
D0) levels. A bright red LED 

was fabricated based on InGaN chip and the CIE coordinates (x = 0.65, y = 0.320) are close to 

the NTSC values for red with high CRI value, [107].  

Similarly the complex-9 Eu2(BTFBDEC)3(phen)2 (BTFBDEC is 3,6-bis(4,4,4-trifluoro-

1,3-Butyldiketone)-9-ethyl-carbazole and phen is 1,10-phenanthroline) also possess good 

thermal and photoluminescence properties with good absorption near UV region.  Hence it is 

possible use the same in near UV based white LEDs. An intense red-LED was fabricated by 

combining complex-9 with a ~395 nm emitting InGaN chip [108].  

 
Figure 1.12 The model of ultraviolet-excited white LEDs. 

White light emitting Complex: Terbium and/or Europium -diketonate complex with 

different ratio doping was done in the poly(N-vinylcarbazole) (PVK) matrix and studied their 

photoluminescence properties. The various energy transfer process involved in these doping 
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systems well analyzed. Inter-molecular energy transfer from PVK to Tb(DBM)3Phen(TbDP) and 

Eu(DBM)3Phen(EuDP), and from TbDP to EuDP exists in the present systems. By simply 

adjusting the dopant mixing ratio and excitation of wavelength one can tune the emission color 

and further optimizing the dopant concentration white light was realized (shown below, Figure 

1.12) [109]. 

S. Liu et al., in 2009 reported quadruple stranded dinuclear Eu
III

 complex Na2[Eu2(dbt)4] 

(complex-10), where H2dbt - 2,8-bis(4;,4’,4’-trifluoro-1’,3’-dioxobutyl)-dibenzothiophene. The 

complex show typical ED transitions of Eu
3+ 

ion with QE of 23%. The LED were fabricated by 

amalgamation of a 395 nm-emitting InGaN chip with the complex-10 as a red emitting phosphor 

while an original LED without phosphor and an LED with Y2O2S:Eu
3+

 were also made for 

comparison. The emission spectra of the InGaN–complex-10 LEDs show red emission, whereas 

the original InGaN LED without phosphor shows near UV emission under 20 mA forward bias. 

The dependence of the CIE chromaticity coordinates of the fabricated LEDs on the mass ratio of 

the complex to the silicone also been investigated. The results show that the mass ratios of 

complex to the silicone are 1:5, 1:10, 1:20, the CIE chromaticity coordinates of the fabricated 

LEDs are (x = 0.6224, y = 0.3238), (x = 0.5322, y = 0.2701), (x = 0.4997, y = 0.2471), 

respectively. The CIE chromaticity coordinates of LED of the mass ratio of Y2O2S:Eu
3+

 to 

silicone (1:1) are (x = 0.4033, y = 0.1871). The efficiency of the original LED without phosphor 

or with Y2O2S:Eu
3+

 were only 0.39 and 0.20 lm/W, though, the efficiency of the fabricated LEDs 

with the complex-10 attain 1.55, 1.86, 2.18 lm/W, [110].  

Due to their structural advantage the ligand namely 2-(4,4,4-trifluoro-1,3-dioxobutyl)-

dibenzothiophene (Hdbt) was synthesized and used for the Eu-complex (complex-11) further 

evaluated for the white LED applications. The ligand structural advantages are (1) It contains a 

-diketone unit, which could coordinate successfully to Eu
3+

 ions to form a stable Eu
III

 complex; 

(2) Dibenzothiophene unit has a suitable - conjugated system and could absorb the NUV energy 

effectively and then transfer it to the Eu
3+

 ion; (3) It has no absorption in the blue and green 

emission range. The complex efficiently emits red emission due to ED transition and absorption 

in the near UV region. The complex was used to fabricate the red LED (integrated with ∼395 

nm-emitting InGaN chip) and found the LED device’s CIE chromaticity coordinates are x = 

0.5835, y = 0.2857, and the luminescence efficiency is 1.29 lm/w, [111].  

Carbazole - based -diketonates with different alkyl substituents (CH3, C2H5, C3H7, 

C5H11) at N-position in the carbazole ring was synthesised and used the same for making ternary 

Eu
III 

complex with phen (complex similar to 12a but the N-1 position of the ligand should be 

different CH3, C2H5, C3H7, C5H11. The complexes show good thermal stability (decomposition 

temperature > 300C), which is very much suitable for LED applications.  Efficient energy 

transfer from ligand to metal ion was observed due to location of the triplet level of ligands are 

higher than that of Eu
III

 
5
D0 levels.  Even though all the complexes show red emission, however 

the emission intensity is found to be decreasing in the following order the emission intensity is 

Eu(N-C2)3Phen > Eu(N-C3)3Phen > Eu(N-C5)3Phen > Eu(N-C1)3Phen. By using these 

complexes bright red LED was fabricated and this study clearly indicates that the complexes can 

be used as a red component for fabrication of NUV-based white LEDs [112]. 

The functionalization in the 2- or 2, 7-postiion in the carbazole ring (2-(4,4,4-trifluoro-

1,3-dioxobutyl)-carbazole (2-TFDBC) and 2,7-bis(4,4,4-trifluoro-1,3-dioxobutyl)-carbazole (2,7-

BTFDBC)) was carried out in order to enhance the visible light absorption (with extended  

conjugation). The same was used to metallate the Eu
3+

 ion and made two Eu
III

 ternary complexes 

Eu(2-TFDBC)3phen and Eu2(2,7-BTFDBC)3(phen)2 (complex–12a) to use in the white LED 
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based on blue InGaN chip. The QY of the Eu complex is mainly depends on the location of the 

triplet level of the ligands and these ligands show higher triplet energy levels than that of the 

Eu
III

 
5
D0 levels. The complexes emit bright red color in the region of 615 nm with blue ray 

excitation and make potential candidate for the white LEDs [113].  
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Figure 1.13. The molecular structure of complex 1 - 11 
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P. He et al., in 2010 synthesized carbazole functionalized -diketone (TTA based) ligand 

for the novel Eu
III

 ternary complex Eu(EMOCTFBD)3phen (complex–12b) EMOCTFBD - 1-(9-

ethyl-7-methoxyl-9H-carbazol-2-yl)-4,4,4-trifluorobutane-1,3-dione and phen - 1,10-

phenanthroline). The methoxy moiety introduction significantly extends to blue region and 

intensifying the absorption intensity. The complex emits bright red emission due to antenna 

effect. The decomposition temperature of Eu(EMOCTFBD)3phen is found to be 338.3 °C, which 

is good enough for luminescence applications. The fabricated red LED using this complex 

integrated with ~ 460 nm-emitting InGaN chip emits bright red color (Figure 1.14) [114]. 

 

Figure 1.14. Emission spectra and the photographs of the original InGaN LED without phosphor 

(a and left) and the LED with Eu(EMOCTFBD)3phen (b and right) under excitation of 20 mA 

forward bias. Insert: photographs of the lighting LEDs. 

Wang et al., designed and synthesised two new multinuclear Eu
III

 complexes, 

[Eu(AFTFBD)3]2(1,4-bmb) and [Eu(AFTFBD)3]3(tmb) (complex-13), where HAFTFBD was 2-

acetylfluorene-4,4,4-trifluorobutane-1,3-dione, 1,4-bmb was 1,4-bis[2-(2’-

pyridyl)benzimidazolyl]benzene and tmb was 1,3,5-tris[2-(2’-pyridyl)benzimidazolyl] benzene. 

Red luminescence of Eu
3+

 ion due to the 
5
D0–

7
FJ (J = 0–4) transitions under 395 nm-light 

excitation was observed for all the Eu-complexes. The fabricated LED (coating the selected 

complex-13 onto ~395 nm-emitting InGaN chips) shows bright red light with appropriate CIE 

color coordinates. The complex-13 is found to be promising candidates as red component for 

application in fabrication of near UV-based white LEDs [115]. 

Trivalent europium complex (complex-14), was synthesized, and studied their 

photoluminescence properties.  Fortunately the complex have broad excitation band in the near 

UV spectral range and complex emits bright red emission due to the 
5
D0

7
FJ transitions of Eu

III
 

ions. The luminescence QY for the complex-14 is 0.17 and complex show high thermal stability 

(confirms from thermogravimetric analysis decomposition temperature of 344°C). An intense red 

light-emitting diode was fabricated by combining the complex-14 with a ~395 nm-emitting 

InGaN chip, [116].  

β-diketone based Eu complex (complex-15, (Eu(IDTFBD)3phen HIDTFBD = 4-imidazol-

4,4,4-trifluorobutane-1,3-dione) was designed for white LED applications.  The complex-15 was 

characterized by IR, UV–visible, thermogravimetric analysis (TGA) and photoluminescence 

(PL) spectroscopy. The complex exhibited a strong and wide excitation band between 320 and 
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420 nm (due to the formation of a big π-conjugated system). The complex-15 exhibits strong red 

emission of Eu
3+

 ion due to the 
5
D0 

7
FJ (J=0–4) transitions with near UV excitation and the 

corresponding Gd
3+

 complex help the triplet energy of the ligand was measured and it is higher 

than that of Eu
3+ 

excited levels. Finally, a bright red light emitting diode was fabricated by 

coating the complex-15 onto a ~395 nm-emitting InGaN chip, efficiency of the fabricated LED 

is 0.531 lm/W, much higher than that of the original LED without phosphor (0.33 lm/W). The 

LED exhibited appropriate CIE chromaticity coordinates in red area, [117].  

The design and synthesis of a novel indane based -diketone with trifluorobutane in the 

contraposition, 5-acetylindane-4,4,4-trifluorobutane-1,3-dione (HAITFBD) and its Eu
III

 ternary 

complex, Eu(AITFBD)3phen were reported. The complex-16 was characterized by spectroscopic 

and thermogravimetric analysis and the complex-16 shows high thermal stability, wide and 

strong excitation bands from 300 nm to 425 nm when monitored at 611 nm (synchronize well 

with InGaN chips emission). The complex exhibits intense red emission under excitation of near 

UV light with CIE chromaticity coordinates are calculated as x = 0.63 and y = 0.34. Efficient 

antenna effect expected due to the lowest triplet state energy of the primary ligand AITFBD 

(17,730 cm
−1

), which is higher than that of the lowest excitation state energy level of the central 

Eu
III

 ion, 
5
D0. Finally, a bright red light-emitting diode was fabricated with combining the 

complex-16 with 380 nm-emitting InGaN chip, the efficiency of the fabricated LED is 0.51 

lm/W, more than twice of the original LED without phosphor (0.23 lm/W). The results indicate 

that the red phosphor is potential for near UV based white LEDs [118]. 

H. Wang et al., synthesized a novel indane based -diketone ligand for ternary Eu
III

 

complex (complex-17). The ligand, 5-Acetylindane-4,4,4-trifluorobutane-1,3-dione (HAITFBD) 

was synthesized through the Claisen condensation reaction from the ketone and ester. The 

complex excitation band observed in a wide spectral range (300–425 nm), this could be 

attributed that the availability of the good and extended -conjugated system in the complex. A 

strong and narrow Eu
3+

 red emission was observed at ~611 nm with 380 nm excitation, by 

exciting ligand absorption, the characteristic emission from Eu
3+

 ions was observed (no emission 

from ligand).  This clearly indicates that the effective intermolecular energy transfer from the 

coordinated ligands to the luminescent central Eu
3+

 ions in the complex occurs [119]. By 

integrating the Eu(AITFBD)3phen complex with an ∼380 nm-emitting InGaN chip show bright 

red LED [120].  

Guang Shao et al., reported a new Eu
III

 ternary complex based on a fluorinated -

diketonate ligand and 1,10-phenanthroline as an ancillary ligand and assessed as a candidate for 

white LEDs. The complex-18 exhibits a high decomposition temperature (316 °C) and good 

absorption in the near UV region. The complex exhibits an efficient energy transfer pathway 

from the ligands to the central Eu
3+

 ion due to energy level matching. An intense red-emitting 

LED was obtained by coating the complex-18 on to a 395 nm-emitting InGaN chip. The results 

reveal that the energy transfer from the InGaN chip to the complex is very effective and it can be 

suitable candidate for white LEDs [121]. 

G. Shao et al., synthesized six Eu
III

 ternary complexes (complex-19a-f) using different -

diketonate ligands (antenna) and 1,10-phenanthroline as an ancillary ligand. The ligand to metal 

CT band could be possible as the calculated triplet energy level values are above the 
5
D0 level of 

Eu
3+

 ion (lowest triplet state levels of ligands 2a–f could be calculated by the shortest 

wavelength of the phosphorescence peaks, which are about 19,267 cm
-1

 (519 nm), 18,975 cm
-1

 

(527 nm), 19,230 cm
-1

 (520 nm), 20,366 cm
-1

 (491 nm), 18,248 cm
-1

 (548 nm) and 19,723 cm
-1

 

(507 nm), respectively. Bright red light-emitting diodes (LEDs) were then fabricated by coating 



Chapter 1 
 

24 

 

the complexes onto 395 nm-emitting InGaN chips. The light emission from the InGaN chips 

could be completely absorbed in the spectra of LEDs [122]. 
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Figure 1.15 The molecular structure of complex 12 – 19 

The complex [Eu(DBM)3(Phen)] is one of the renowned red-emitting Eu
3+-

based 

molecular phosphors with high quantum yield. However due to their low absorption in the 

visible region (blue region) restricts their application as a red phosphor in white LEDs.  

Recently, taking all the advantage of the ligand DBM and Phen, Zhengliang Wang et al., 

designed additional ligand 2,7-bis(4’4’4’-trifluoro-1,3-dioxobutyl)-(9-ethyl-9H-carbazole) (2,7-

BTFDBC), with extended  conjugation (facilitate the blue absorption) for the Eu-complex 

(complex-20). It is evident from the PL emission and excitation spectra of the synthesized 

complexes that all the complexes efficiently excited with blue light and emit bright red emission 
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(ED transition, confirms the LMCT). The [Eu2(2,7-BTFDBC)(DBM)4(Phen)2] was to fabricate 

single red LED with combining with a ∼460 nm-emitting GaN chip [123].  
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Figure 1.16 The molecular structure of complex-20 

1.8 Eu-complexes for ratiometric temperature sensor: 

It is well accepted that the temperature is the most important physical property and is 

frequently required to be measured in scientific research and in industrial applications [124, 

125]. There are two types of common luminescent temperature sensors: (i) inorganic phosphors, 

that include chromium phosphors (i.e., alexandrite) and lanthanum oxysulfides (i.e., La2O2S:Eu) 

and (ii) organic molecules ~e.g., rhodamine B base dyes). Europium chelates are considered 

organic, luminescent-based temperature sensors [126]. Temperature-dependent luminescence is a 

well-known phenomenon which has been exploited to develop luminescent thermometers based 

on molecular complexes and their nanoparticles. [127-131]. It has diverse benefits over other 

conventional thermometers because of their fast response, high sensitivity, non-invasive 

operation (temperature distributions in biological tissues (e.g., in tumors), the medium of interest 

is observed remotely, eg, infrared and luminescence thermography), and inertness to strong 

electric or magnetic fields.  The temperature-dependent lanthanide emission is a key feature for 

developing new ratiometric temperature sensors, as the emission PL intensity or wavelength and 

lifetime (the classification luminescent sensor is given in Figure 1.17) is conjugated or reflected 

with the temperature. [132].  
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Figure 1.17 Luminescent thermometers classification [126]. 

PL emission intensity measurements are more straightforward and readily carried out as 

compared to PL lifetime measurements. Organo-lanthanide complexes are shown potent in terms 

temperature of sensing and imaging, since the emission bands are strong and sharp (FWHM is as 

small as small ~10 -20 nm) and lifetimes from several hundred microseconds (s) to several 

milliseconds (ms). In addition, lanthanide luminescence is scarcely quenched by oxygen and 

different emitting centers or multiple luminescent active centre can cover the entire 

electromagnetic spectrum, ranging from UV (eg, Gd
3+

) to IR (eg, Er
3+

, Yb
3+

, Nd
3+

); thus, it is 

practically promising to design on-demand luminescent probes for diverse applications.  

Numerous research efforts yields a huge number of lanthanide (especially Ln
3+

) based 

molecular thermometers covering temperatures from the cryogenic (T<100 K) to the 

physiological (298–323 K) ranges, involving generally, ligand-to-Tb
3+

, ligand-to-Eu
3+

, and Tb
3+

-

to-Eu
3+

 energy transfer and exhibiting the distinctive 
5
D4→

7
F5 (Tb

3+
) and 

5
D0→

7
F2 (Eu

3+
) 

transitions. Recently, thermometer behaviour was identified, involving lanthanide chelate 

complexes [133-135], metal-organic frameworks (MOFs) [136-139], upconverting NPs (UCNPs) 

[140, 141] and downshifting nanomaterials [142, 143]. Most of the emissive temperature sensors 

that are currently in use are based on only one type of emission core (lanthanide ion). However, 

their precision is easily prejudiced by the light source intensity, excitation power, and the drifts 

of the optoelectronic system and/or on lifetime which requires a relatively long time and the 

computational treatment [144].  Recently, Pioneered work executed by Carlos et al., to discover a 

more robust and reliable luminescent thermometers based on two luminescent transitions 

approach based on molecular coordination compounds and nanoparticles [145]. The other 

approach is to manipulate the ligand and lanthanide emission in a single molecular complex 

system. The ligand and lanthanide emission can be modulated by increasing or decreasing the 

temperature.  

The europium beta diketonate temperature sensitivity mechanism is based on thermal 

quenching; the major contribution is from the thermal deactivation of 5D1 and 5D0 Eu excited 

energy levels. Deactivation process involves the coupling of the electronic energy level to the 

environment through molecular vibration energy levels and it is recognized to a nonradiative 

process [146]. Thermal deactivation of the 
5
D1 to the 

5
D0 level can also play a vital role. It is 

generally believed that the thermal deactivation of ligand energy levels prior to transferring the 
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energy to the Eu excited states to have a negligible role. It is well documented by several 

research groups that the tris ligating chelates show larger temperature dependence (shorter 

lifetime) than tetrakis chelates. The addition of a fourth ligand or a Lewis base could minimizes 

the radiationless deactivation process (generally believed) and produces temperature insensitive 

chelates. It is worth to note that the tris chelate Eu complexes are very hard to obtain in a pure 

form, mostly due to the highly favoured formation of a tetrakis form [147].  

Gamal E. Khalil et al., synthesised several Eu containing -diketone complexes and 

evaluated the temperature sensitivities of europium chelate sensor films as a function of the 

following variables: (i) nature and number of ligands, (ii) the carrier polymers, and (iii) 

concentration ratio (Eu-chelate vs polymer). The main focus is to study the emission intensity, 

photodegradation and PL lifetime. [148]. The accurate temperature sensing can be achieved once 

the chelator is dispersed in a polymer matrix via their decay lifetime. Their lifetime as a function 

of temperature depends on three factors or variables that were mentioned earlier. Various tris and 

tetrakis Eu-chelates are used to study ligand effects, while the polymers FIB, polycarbonate, and 

Teflon© are used to analyze matrix effects. The study indicates that the higher concentrations 

loading give rise to shorter lifetimes and higher temperature sensitivities. 

Strongly fluorescent and highly photo-stable europium-(III) -diketonate based 

complexes are found to be new optical temperature probe and it can simultaneously sense both 

temperature and oxygen [149]. Organo-lanthanide complexes based Eu
III

 and Tb
III

 were 

synthesized and shown green, red emission (bright emission and small FWHM), respectively.  

The Tb containing complexes show PL lifetimes in the order of almost 1 ms at RT, good color 

purity, and high relative PLQY. Due to their photophysical properties makes them excellent 

probes for sensing temperature through PL lifetime measurement. In addition, the Eu and Tb 

containing complexes were incorporated into various polymer matrices to give sensor films for 

use as temperature-sensitive paints (TSPs). Among the complexes, Eu
III

 complexes have the 

advantage as compare to Tb
III

 complexes, since the complex can effectively excited by purple 

LEDs (max = 405 nm). All the Eu and Tb based TSPs show good temperature sensitive and 

especially the Tb based complexes show temperature-lifetime sensitivities of −13.8 μs per °C 

and − 9.2 μs per °C, respectively. Assuming a precision of ± 1 μs in the determination of 

lifetime, this will enable temperature to be determined with a precision of around ± 0.1 °C and is 

the highest one reported so far for lanthanide complexes [150] 

New potential luminescent thermo-sensitive molecular probes were reported by 

Balamurugan et al., based on the π-conjugated polymer–Eu
3+

 ion complexes. Efficient 

photosensitizers based on carboxylic acid functionalized segmented π-conjugated polymers 

having chromophores (oligophenylenevinylene (OPV)) in the poly(ethyleneoxide) or 

polymethylene backbones were custom designed, synthesized for Eu
3+

 ions. These π-conjugated 

polymer–Eu
III

 ion complex emissions are found to be sensitive to temperature and reversible 

‘turn-on’ or ‘turn-off’ luminescent switches behaviour in solution as well as in solid state was 

observed. The experimental photoluminescent decay studies discovered that the red-emission 

from the excited 
5
D0 level of Eu

III
 ion is highly sensitive to temperature which leads to make 

them use as a optical switches. The observed lifetime decay rate constants followed a typical 

Arrhenius trend over a wide range of temperature (having similar activation energies). The 

luminescent on–off process with variation of temperature is highly depends on the nature as well 

as length of the segmented polymer chain that tied the OPV optical chromophores. The 

oligomer–Eu
3+

 ion complex emission were found to be non-thermosensitive, given a lead for the 

segmented π-conjugated polymer ligand structure for the probes based on Eu
III

 ion complexes 



Chapter 1 
 

28 

 

(Figure 1.18). The present strategy opens up new concept and molecular design principles for π-

conjugated polymer–lanthanide ion complexes as potential candidates for temperature sensitive 

luminescent molecular probes [151]. 

 

Figure 1.18 Approach for thermo-sensitive π-conjugated polymer–Eu
III

 ion complexes and their 

turn-on and turn-off switching pathways. 

Tianren Wang and co-workers reported the fascinating multi-colored photoluminescent 

and white-light-emitting hybrid composite by simple supramolecular co-assembly of organoclay, 

sensitizer as well as Ln
3+

 in aqueous medium at RT (Figure 1.19). The luminescent hybrid 

composites (powder and transparent film) were prepared by simply mixing organic sensitizer, 

aminoclay (AC), and lanthanide (Ln
3+

) in aqueous solution. The tuning of emission color can be 

achieved by adjusting the molar ratio of Eu
3+

 to Tb
3+

 in the hybrid composite, excitation 

wavelength, and the temperature. White emission with satisfied CIE color coordinates was 

achieved. The linear relationship was achieved in the temperature range from 78 K to 288 K for 

emission intensity ratio of Tb
3+

 (
5
D4 → 

7
F5) transition and electric dipole 

5
D0 → 

7
F2 transition of 

Eu
3+

 in the hybrid composite containing both Eu
3+

 and Tb
3+

 ions. The obtained unique 

characteristics make the Eu
3+

 and Tb
3+

 ions containing hybrid composites appropriate for 

optoelectronic devices (thermosensors and white light LED) [152].  

 

Figure 1.19 Images of luminescent materials with tunable emission colors under 254 nm UV 

lamp illumination and luminescent films on quartz substrate 

Polyfluorene derivative complexed with a europium ion was synthesised and their 

thermochromism was interpreted by using photophysical properties (Figure 1.20). The pyridine 
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sites of poly(9,9′-dihexylfluorene-diyl-alt-3,5-bipyridinevinylene) act as a coordinating site for 

Eu ion.  The complex integrated with polyfluorene show distinct temperature dependent PL 

emission color tuning (strong red emission at low temperatures (170–260 K, due to Eu
3+

 ion) and 

a blue color at higher ones (280–330 K, due to fluorene)), this can be easily visualized by naked 

eye [153].  

 

Figure 1.20 The chemical structure of polyfluorene integrated with Eu complex and 

thermochromism behaviour (color tuning) 

Shen et al., reported the hybrid lanthanide complex as a ratiometric sensor [154].  The 

hybrid system consist of two type of luminescent centre (Eu
III

 and Tb
III

) with two types of 

organic ligands, Ad and BPDC (Ad = adeninate, BPDC = biphenyl-4,4’-dicarboxylate). The 

fluorescent sensing properties of Ad/Tb0.999Eu0.001/BPDC complex studied in details and 

compared the results with those of Tb0.999Eu0.001/BPDC with a single ligand.  The ratiometric 

temperature sensing characteristics of the hybrid complex show that the emission color will 

change from green–yellow to red from 100 K to 300 K, because of energy transfer between Tb
3+

 

to Eu
3+

 in the hybrid complex.  

Lanthanide-based organic–inorganic hybrid was synthesised by doping the lanthanide
III

–

hexafluoroacetylacetone complex into LAPONITER. The co-doped Eu
3+

 and Tb
3+

,hybrid 

materials show temperature-dependent luminescence with high sensitivity and stability over a 

temperature range of 197 K to 287 K, which made it a candidate for ratiometric and colorimetric 

luminescent thermos-sensors. The PL emission intensity ratio of the 
5
D4 → 

7
F5 transition (Tb

3+
) 

to the 
5
D0 → 

7
F2 transition (Eu

3+
) of the hybrid material containing both Eu

3+
 and Tb

3+
 can be 

linearly related to temperature in the range from 197 K to 287 K (temperature sensitivity: 

1.107% per K), which will be an appealing alternative for in situ and real time detection of 

temperature in many special areas [155].  
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1.9 Objectives of the present study:  

The main aim of the proposed project is to design and synthesis of efficient red emitting 

molecular complexes based on Eu
III

 with ambipolar ligands. Since most of the red organic-

luminophores, currently in use, do not show a good compromise between device efficiency and 

color purity because of the nature of the red emitters (efficient and bright-dopants are not red 

enough, and vice-versa). In addition, dual characteristic emissive Eu-complexes to be explored 

as active component for white LEDs and ratiometric sensors. 

1. The main aim of the thesis work is to design and synthesis of bidentate ligand based on 

phenanthro-imidazole with (capable of the hole transporting group) triphenylamine and 

carbazole in the C1 – substitution and N1-position with various aromatic groups (phenyl, 

substituted phenyl and fluorene) for Eu
III

 complexes and investigate their photophysical 

properties.  

2. Binuclear Eu-complexes to be explored to enrich the photoluminescence quantum yield 

(PLQY).  

3. Structural (single crystal X-ray diffraction as well as geometry optimization by theoretical 

calculations) and photophysical properties of the synthesized ligands and europium 

complexes to be investigated by various spectroscopic techniques (IR, NMR, ESI-Mass, 

Elemental analysis, UV-vis, PL).   

4. The energy transfer mechanism from ligand to europium to be investigated for the 

synthesized complexes by using both experimental and density functional theory (DFT), 

time-dependent density functional theory (TD-DFT).  

5. To explore the dual emissive characteristic Eu
III

 complexes for temperature sensors and 

develop single component white emissive Eu-complexes for white LEDs.  

6. The theoretical approach to be used to design various bidentate ligands for Eu
III

 complexes 

and study their excited state photophysics by combined DFT and TD-DFT.  
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Chapter 2 

 
Effects of electron withdrawing groups in imidazole-phenanthroline ligands 

and their influence on photophysical properties of Eu
III

 complexes for white 

light emitting diodes 

 

Abstract 

Four europium complexes (Eu(TTA)3Phen-Ph-Ph, Eu(TTA)3Phen-mCF3-Ph 

Eu(TTA)3Phen-pCF3-Ph and Eu(TTA)3Phen-Fl-Ph) were designed and synthesized. The N1-

functionalization of the phenanthro-imidazole ring by phenyl, substituted phenyl moiety (CF3, 

electron withdrawing group), fluorene and their influence on photophysical and electrochemical 

properties of Eu
III

 complexes were determined by experimental and theoretical analyses. Among 

all the ligands, fluorene functionalized ligand shows white emission in the solid state. All the 

complexes (in solid and solution) showed the distinctive red emission of Eu
III

 ion at 612 nm, due 

to electric dipole transition (
5
D0→

7
F2). The absence of ligand emissions (solution, thin film and 

solid) in the PL emission spectra of Eu
III

 complexes indicate that the efficient energy transfer 

from ligand to central metal ion (antenna effect), confirmed by DFT, TD-DFT. The HOMO-

LUMO levels were determined by cyclic volmmetry studies. The Eu-complex was doped in a 

PMMA matrix to fabricate the composite film devices (Eu(TTA)3Phen-pCF3-Ph shown highest 

quantum yield 78.7 %). The fluorene functionalized ligand was integrated with InGaN LED chip 

(395 nm, forward bias 20 mA) showed the potentiality of the ligand and shown white emission. 

The obtained efficient red emission from the fabricated LEDs (Eu
III

 complexes coated on InGaN-

based near UV LED) shown that the currently synthesized complexes could be a potential red 

component for warm white LEDs.  

 

Key words: Eu
III

 complex; PMMA matrix; Energy transfer; Red; White LED 
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2.1 Introduction: 

Organo-lanthanide complexes have received significant attention in recent years, due to 

their potential application in a variety of fields including analytical techniques, display 

technology (LEDs/OLEDs), bio-imaging, single molecular magnets, data storage and transfer, 

metallogel technology [1-5]. Their luminescent features are of special importance, such as sharp 

line like emissions, long luminescence lifetimes; large stokes shifts, delayed phosphorescence, 

high fluorescent quantum efficiency, good stability and tunable photophysical properties [6-8]. 

The Ln’s have a unique emission spectrum arising from the Laporte forbidden 4f - 4f electronic 

transition, which is also responsible for their poor absorption (low oscillator strength) [9]. 

However, according to Weismann et al., the emission of the metal ions can be enhanced by the 

introduction of highly sensitive chromophores (energy harvesters) with suitable singlet and 

triplet energy levels (antennae effect), which can feed the higher energy levels of the Ln ions (to 

counter the low absorption) [10]. Among the entire Ln’s, the europium-based complexes have 

proved to be efficient red emitters with several scopes of improvement that the demand further 

probing into the currently existing notions regarding the subject. Aromatic β-diketo compounds 

have been reported to be an important class of energy harvesters for the Eu
III

 complexes [11, 12]. 

Most of the Eu-based complexes are reported by using imidazole as a core moiety. The 

substituted imidazole (N1 position) was reported to have stronger PL emission compared to that 

of their unsubstituted (alkyl) counterparts [13]. Fluorination of the ligands leads to decrease in 

the triplet energy state, which facilitates the efficient energy transfer from ligand to central metal 

ion. The low vibrational frequency of the C-F bond can lower the vibrational quenching in the 

complex and enhance the PL quantum efficiency [14, 15].
 
In addition, to facilitate the energy 

transfer from ligand excited state to Eu
III

 metal ion, suitable excited states are required and ligand 

triplet level plays a significant role [16, 17]. 

Smart lighting technology based on solid state lighting (SSL) has proven to be potential 

(owing to their significant power saving, environmental friendliness, longer lifetime, higher 

luminous efficiency and brightness) in reducing the global lighting energy use by nearly one half 

and subsidize significantly to our world's climate change solutions [18]. In SSL, down 

converting phosphors or organic fluorophores are essential component and play vital role in 

converting the LED emission into white emission [19–25]. Various approaches have been 

developed for fabricating white LEDs with the aim of producing white light emission that is 

optimal for the human eye. Current white LED technology relies on either the blue LED 

combining yellow emitting phosphor or near UV LED with tricolor phosphor (blue, green, red 

(RGB). The white light attained from the near ultraviolet (UV) LED conjugated with tricolor 

phosphor is highly dependence on the color/wavelength convertors, as human eyes are not 

sensitive to near UV. This method overcome certain technological figure of merit of the blue 

LED + yellow phosphor based white LEDs such as color rendering index as well as the halo 

effect.  

2.2. Effects of electron withdrawing groups in phenanthro-imidazole ligands and their 

influence on photophysical properties of Eu
III

 complexes:  

2.2.1 Outline of the present study: 

Recently, Eu
III

 based molecular complexes gained much attention due to their emerging 

technological application in warm white LEDs. Several studies were reported on 
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photoluminescence properties of Eu
III

 complexes and the complexes were conjugated with 

InGaN (395 nm or 465 nm) chip to produce either red or combining with other emitters to 

produce white emission [26]. 

In this chapter, design and synthesis of three new ancillary ligands (Phen-Ph-Ph (1L) 

(1,2-diphenyl-1H-imidazo[4,5-f][1,10]phenanthroline), Phen-mCF3-Ph (2L) (1-(3-

(trifluoromethyl)phenyl)-2-phenyl-1H-imidazo[4,5-f][1,10]phenanthroline), Phen-pCF3-Ph (3L) 

(1-(4-(trifluoromethyl)phenyl)-2-phenyl-1H-imidazo[4,5-f][1,10]phenanthroline)), and their 

corresponding Eu
III

-complexes (Eu(TTA)3Phen-Ph-Ph (1-Eu), Eu(TTA)3Phen-mCF3-Ph (2-Eu) 

and Eu(TTA)3Phen-pCF3-Ph (3-Eu)) (Figure 2.1) for white LEDs was systematically 

investigated. In details, the substitution effect at N1 (mCF3-Ph, pCF3-Ph, Ph) and C1 (Ph) 

position of the imidazole core moiety and their influence on photophysical properties of Eu
III

 

complexes were examined. Each of the ligands contains a phenanthroline fragment, substituted 

aniline, and a phenyl fragment. TTA has gained a choice over other β-diketo complexes, because 

of the presence of the halogen moieties, it is well documented that the presence of halogen in the 

structure can reduce the vibrational quenching effect and prolong the PL lifetime of the emitting 

complexes [27-30]. 

The photophysical and electrochemical studies (UV, PL spectroscopy and cyclic 

voltammetry) were carried out for all the ligands and their respective Eu-complexes. Their 

HOMO-LUMO energy levels were also calculated using density functional theory (DFT) and 

time-dependent density functional theory (TD-DFT) calculations [30-34]. To understand the 

mechanism of energy transfer between the ligands and the central metal ion, the singlet and 

triplet energy levels of the ligands were also calculated. The observations were compared to 

understand the effects of substitution of different functional groups in the derivative of the 

phenanthroline ligand, knowledge of which will allow a higher degree of control on the 

properties of the Eu-complexes to be synthesized. To show the potential use of the presently 

synthesized ligands as well as Eu-complexes, the compounds were integrated with near UV 

emitting InGaN LEDs to fabricate red or white LEDs. 
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Figure 2.1 Chemical structures of the Eu
III

 complexes with respective substitutions. 
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2.2.2 Experimental Section: 

2.2.2.1 Materials:  

All the commercially obtained chemicals were used directly without any further 

modifications unless stated otherwise. 4,4,4-Trifluoro-1-(2-thienyl)-1,3-butanedione (TTA, 

99.99%), tetrabutylammonium perchlorate (n-Bu4NClO4, 99.9%) electrolyte were purchased 

from Sigma-Aldrich chemicals company. Europium (III) oxide (99.99%), 1, 10-Phenanthroline, 

aniline and benzaldehyde were purchased from Alfa Aesar and 4-(trifluoromethyl)benzenamine, 

3-(trifluoromethyl)benzenamine were purchased from Avra chemicals. Thin layer 

chromatography with silica gel 60 F254 Aluminium plates (Merk) was used to monitor the 

reactions. Column chromatography was conducted using 100-200 mesh silica to get the pure 

compound. All the reactions were carried in inert nitrogen atmosphere. 

2.2.2.2 Measurement:  

Nuclear magnetic resonance (
1
H-, 

13
C-, 

19
F NMR) spectra were recorded with an AV 400 

Avance-III 400 MHz Fourier Transform nuclear magnetic resonance (FT-NMR) Spectrometer 

Bruker Biospin International, Switzerland, in deuterated chloroform(CDCl3) or dimethyl 

sulfoxide solution (based on the solubility nature). Chemical shifts were estimated relative to the 

tetramethylsilane (TMS) standard reference. Fourier Transform Infrared (FT-IR) spectra were 

recorded with a Perkin Elmer, USA/ RX-I FTIR spectrophotometer and elemental analyses were 

measured by Elementar Analysen Systeme, Germany/Vario EL spectrometer. The mass spectra 

were recorded by LC–MS (Perkin–Elmer, USA/Flexer SQ 300 M). A single crystal of ligands, a 

suitable crystal was selected and structures were performed on a Supernova, Dual, Cu at zero, 

Eos diffractometer. The crystal was kept at 293(2) K during data collection. Using Olex2 [35], 

the structure was solved with the ShelXS [36] structure solution program using Direct Methods 

and refined with the ShelXL refinement package using Least Squares minimisation. 

2.2.2.3 Photophysical properties:  

Absorption analysis was done by using the UV-Visible spectrometer (Shimadzu 

Corporation, Japan or UV-2450 Perkin Elmer, USA/Lamda 25 and Lamda Perkin Elmer) for a 

solution and solid form diffuse reflectance spectra (DRS). The PL excitation and emission 

spectrum in both solid and solution phase for all the samples were recorded with a Horiba Jobin 

Yvon, USA/Fluoromax 4P spectrophotometer with a 150W xenon lamp as an excitation source. 

Thin films were prepared by a spin coating method using a spin NXG P1A instrument and 

measured the PL by spectrofluorimetry. The PL quantum yield (PLQY) of the complex in the 

form of a solution, a thin film (with a different ratio (PMMA Vs Eu-complexes) and solid were 

measured with Edinburgh spectrofluorometer FS5, integrating sphere S30. A lifetime of the Eu
III

 

complexes and ligands were measured at 298 K with Edinburgh Instruments FLS 980 based on 

the time correlated single photon counting technology upon the excitation at a suitable 

wavelength for ligands and complexes, respectively. A pulsed xenon lamp was used as the 

excitation source and the signals were detected with a photomultiplier. The triplet energy of the 

ligand was measured with the corresponding Gd-complex at 77 k and liquid nitrogen quartz 

Dewar was used to record the phosphorescence spectra of the ligand with FLS920 

spectrofluorimeter (Edinburgh Instruments Ltd., UK). 
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2.2.2.4 Electrochemical and theoretical analysis:  

Cyclic voltammetry was carried out using AUTOLAB 302N Modular potentiostat at 

room temperature in N, N-dimethylformamide (DMF) with glass-carbon rod as working, Pt wire 

as auxiliary and Ag/AgCl wire as reference electrodes. Bu4NClO4 (0.1 M) in DMF was used as 

the supporting electrolyte and scan rate was maintained as 100 mV s
-1

. All the ligand structures 

were optimized using density functional theory (DFT) and their respective theoretical UV-Vis 

spectra were computed using B3LYP/6-31(G) level of theory. The ground state geometry of the 

ligand structures was confirmed and the ligands were excited vertically to estimate the first 

excited state using time-dependent DFT (TD-DFT). The same procedure was followed to obtain 

the triplet excited states from which PL spectra of the compounds were derived. The HOMO and 

LUMO levels were also been calculated.  

2.2.2.5 Synthesis:  

The synthesis scheme of the ligands and their corresponding complexes are shown in 

Scheme 2.1. Europium(III) chloride was synthesized from the Europium(III) oxide through a 

reported process [37]. The product was then subjected to treatment with alcoholic solution of 

TTA (3 eq.) in presence of 1N sodium hydroxide solution (3.1 eq.) to get Eu(TTA)3(H2O)2. The 

1,10-Phenanthroline-5,6-dione was synthesized from 1,10-Phenanthroline by previous reported 

procedure [38a-b]. The ligand, 1L synthesized by well reported procedure [38c-e]. 

The Eu
III

 complex was doped with polymethyl methacrylate (PMMA) in 0.1, 0.5 and 1% 

ratio (PMMA : Eu
III

 = 99.9 : 0.1, 99.95 : 0.5, 99 : 1 in mg and pure complex) by using 

tetrahydrofuron solution with spin coated by three stages were at 500 (20 sec), 1500 (40 sec) and 

2000 rpm (60 sec), respectively. The prepared thin films were kept under vacuum at 50 °C for 3 

hrs to get excess solvent evaporation.  
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Scheme 2.1 Synthesis scheme for the ligands and the respective complexes. 
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2.2.2.5.1 Synthesis of 1,2-diphenyl-1H-imidazo[4,5-f][1,10]phenanthroline (1L):  

To a stirred solution of 1,10-phenanthroline-5,6-dione (1.0 g, 4.762 mmol) in acetic acid, 

aniline (0.44 g, 4.762 mmol) and benzaldehyde ( 0.5 g, 4.762 mmol) were added turn wise 

followed by ammonium acetate (3.7g, 47.62 mmol) and stirred for 12 hours at 110 °C under 

nitrogen atmosphere. The reaction was monitored with TLC (MeOH : DCM = 1 : 9). The product 

was neutralised with ammonium hydroxide solution and extracted with DCM followed by drying 

with sodium sulphate. It was then concentrated and purified through column chromatography 

using silica bed (100-200 mesh) with 5% MeOH in DCM as the eluent. The purified product was 

dissolved in minimal amount of THF and excess amount of hexane was added to it. The solid 

was allowed to settle down and then the solvent was decanted. The above process was repeated 

till a fine powder like sediment was obtained. 
1
H NMR (400 MHz, CDCl3): δ (in ppm) 9.22 (dd, 

1 H, J= 2Hz, J= 1.6 Hz), 9.16 (dd, 1 H, J= 1.6 Hz, J= 2 Hz), 9.09 (dd, 1 H, J= 1.6 Hz, J= 1.6 

Hz), 7.96 (d, 1 H, J= 7.6 Hz), 7.83-7.74 (m, 4 H), 7.53-7.51 (m, 2 H), 7.43-7.34 (m, 6 H). 
13

C 

NMR (100 MHz, CDCl3): δ (in ppm) 151.9, 148.7, 147.6, 144.4, 143.9, 138.1, 138.0 135.9, 

131.7, 130.6, 129.1, 129.0, 128.9, 128.0, 127.0, 126.4, 126.0, 125.4, 123.4, 123.2, 122.3, 121.7, 

120.2, 119.0, 115.9; FT-IR (str in cm
-1

): 3022.2, 2921.2, 1672.0, 1601.4, 1558.7, 1502.1, 1456.8, 

1380.1, 1332.2, 1298.1, 1264.4, 1168.1, 1117.0, 1069.2, 1029.3, 805.5, 74.6, 703.6. 

2.2.2.5.2 Synthesis of 1-(3-(trifluoromethyl)phenyl)-2-phenyl-1H-imidazo[4,5-

f][1,10]phenanthroline (2L):  

The above procedure was followed for synthesis of Phen-mCF3-Ph. 
1
H NMR (400 MHz, 

CDCl3): δ (in ppm) 9.20 (dd, 1 H, J= 1.6 Hz, J= 1.6 Hz), 9.165 (dd, 1 H, J= 2 Hz, J= 1.6 Hz), 

9.06 (dd, 1 H, J= 1.6 Hz, J= 2 Hz), 9.77 (dd, 1 H, J= 4.4 Hz, J= 4.4 Hz), 7.69-7.61 (m, 3 H), 7.59 

(dd, 2 H, J= 2.8 Hz, J= 2 Hz), 7.56-7.53 (m, 2 H), 7.30-7.39 (m, 4 H). 
13

C NMR (100 MHz, 

CDCl3): δ (in ppm) 151.7, 148.5, 147.4, 144.4, 143.8, 137.4, 135.6, 130.0, 129.9, 129.7, 129.3, 

128.8, 128.2, 127.8, 127.5, 126.3, 123.4, 123.0, 121.6, 119.3; FT-IR (str in cm
-1

): 1690.9, 

1604.0, 1539.7, 1509.5, 1449.1, 1415.1, 1354.6, 1305.5, 1248.8, 1230.0, 11392.2, 1143.1, 

1059.9, 927.7, 787.9, 719.9, 640.6. 

2.2.2.5.3 Synthesis of 1-(4-(trifluoromethyl)phenyl)-2-phenyl-1H-imidazo[4,5-

f][1,10]phenanthroline (3L):  

The same procedure was followed for the synthesis of Phen-pCF3-Ph. 
1
H NMR (400 

MHz, CDCl3): δ (in ppm) 9.12 (dd, 1 H, J=2 Hz, J= 1.6 Hz), 9.13 (dd, 1 H, J= 1.6 Hz, J= 1.6 

Hz), 9.07 (dd, 1 H, J= 1.6 Hz, J= 1.6 Hz), 7.91 (d, 2 H, J= 8.4 Hz), 7.79-7.75 (m, 1 H), 7.70 (d, 2 

H, J= 8.4 Hz), 7.52-7.50 (m, 2 H), 7.42-7.31 (m, 5 H). 
13

C NMR (100 MHz, CDCl3): δ (in ppm) 

151. 75, 149.78, 148.74, 147.61, 144.43, 143.89, 141.49, 140.62, 135.96, 135.42, 135.34, 132.01, 

131.68, 131.35, 130.06, 129.11, 129.00, 128.88, 128.07, 127.09, 127.05, 125.97, 124.26, 123.34, 

123.12, 122.53, 121.70, 121.56, 118.92); FT-IR (str in cm
-1

): 3011.58, 1592.33, 1495.55, 

1468.65, 1451.41, 1235.52, 1293.95, 1181.06, 1129.29, 1072.85, 735.28. 

2.2.2.5.4 Synthesis of Eu(TTA)3Phen-Ph-Ph:  

In a round-bottom flask, a solution of Eu(TTA)3(H2O)2 (0.230 g, 0.27 mmol) in dry THF 

(15 mL) was taken and to its mixture of Phen-Ph-Ph ligand in THF was added. The mixture was 
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then stirred for 6 hours at 60 °C in nitrogen atmosphere. It was concentrated and then dissolved 

in minimum amount of THF. To the solution excess of hexane was added and powder type 

sediment was obtained. The solvent layer was then decanted and the sediment was dried. The 

same procedure was repeated several times and obtained final complex in pure powder form. FT-

IR (ν in cm
-1

): 1693.4, 1604.4, 1537.4, 1531.1, 1448.3, 1413.8, 108.6, 1192.2, 141.7, 1064.8, 

934.3, 861.6, 852.5, 808.0, 786.4, 721.6, 641.1; Elemental analysis: Anal. Calc. for 

C49H28EuF9N4O6S3, C, 49.54; H, 2.38; N, 4.72; S, 8.10; found C 49.75, H 2.52, N 4.74, S 8.06. 

2.2.2.5.5 Synthesis of Eu(TTA)3Phen-mCF3-Ph:  

The complex was synthesised in the above mentioned procedure using Phen-mCF3-Ph as 

the ligand. FT-IR (ν in cm
-1

): 1690.9, 1604.0, 1539.7, 1509.5, 1449.1, 1415.1, 1354.6, 1305.5, 

1248.8, 1230.0, 1139.2, 1143.1, 1059.9, 927.7, 787.9, 719.9, 640.6; Elemental analysis: Anal. 

Calc. for C50H27EuF12N4O6S3, C, 47.82; H, 2.17; N, 4.46; S, 7.66 (%); found C 47.65, H 2.29, N 

4.74, S 7.76 (%). 

2.2.2.5.6 Synthesisi of Eu(TTA)3Phen-pCF3-Ph:  

The complex was synthesized in the previously described steps using Phen-pCF3-Ph as 

the ligand instead of aniline as in the first case. FT-IR (ν in cm
-1

): 1689.8, 1603.5, 1537.2, 

1449.5, 1411.4, 1304.6, 1190.2, 1140.7, 1064.4, 938.6, 789.8. 723.2, 641.8; Elemental analysis: 

Anal. Calc. for C50H27EuF12N4O6S3, C, 47.82; H, 2.17; N, 4.46; S, 7.66 (%); found C 47.55, H 

2.32, N 4.74, S 7.69 (%). 

2.2.3 Results and discussions: 

2.2.3.1 Characterization:  

All the synthesized ligands and their corresponding complexes were confirmed by 

different spectroscopic methods (NMR, FT-IR) and Elemental analysis. The NMR data for the 

ligands (1L, 2L and 3L) are shown in Figure 2.S1 to S3. 1L and 3L crystal structures were 

confirmed by singe crystal X-ray diffraction analysis. The photophysical study of the Eu
III

 

complexes and ligands were characterized, by UV-Vis absorption, DRS and PL analyses. The 

electrochemical and theoretical analyses were also been performed to gain more information 

regarding the energy levels.  

2.2.3.1.1 FT-IR and Single crystal XRD analysis: 

The FT-IR analyses were performed to confirm the ligand-metal coordination. The 

functional group spectral analyses of the ligand were shown in Figure 2.2 (left) and Figure 2.2 

(right).  The peak appears for the ligands (1L, 2L, and 3L) at ~1671, 1665 and  1590 cm
-1

 were 

attributed to C=N stretching frequency. However, in the complexes, the same was shifted to 

~1600 cm
-1

 spectral region and this evidences that the Eu-complex has formed. In addition, the 

C=O stretching frequency of the complexes was also changed from ~1608 (without coordination) 

to ~1690 cm
-1

 (with coordination). It is also evidence that the ligands were coordinated with the 

Eu
III

 metal ion.  
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Figure 2.2 The FT-IR spectra of the ligands with their functional groups (left), The FT-IR 

spectra of the Eu
III

 complexes with their functional groups and its comparison with 

Eu(TTT)32H2O (right). 

    

Figure 2.3 Single crystal XRD structures of Phen-pCF3-Ph (CCDC 1535216) and Phen-Ph-Ph 

(CCDC 1535217) (blue: Nitrogen, Black: Carbon, White: Hydrogen, yellow: Fluorine). 

The fine crystals of ligands, 1L and 3L were isolated from ethanol solution. The single 

crystal X-ray analysis of the ligands, 1L and 3L, were performed and structurally characterized 

(ORTEP diagram, Figure 2.3. The obtained single crystal structures of the ligands as well as 

obtained optimized structures from the computational study showed a similar arrangement of 

atoms. It clearly indicates that the outcomes obtained from the theoretical analysis are prominent. 

The structure-refinement parameters of the ligands (1L, 3L) were shown in Table 2.1. 

Table 2.1. Crystal data and structure-refinement parameters of Phen-Ph-Ph and Phen-pCF3-Ph. 

Phen-pCF3-Ph 

Empirical formula C26H15F3N4 

Formula weight 440.42 

Temperature/K 293(2) 

Phen-Ph-Ph 

Empirical formula C25H16N4 

Formula weight 372.42 

Temperature/K 293(2) 
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Crystal system monoclinic 

Space group P21/c 

a/Å 8.3313(9) 

b/Å 12.5035(13) 

c/Å 19.8612(18) 

α/° 90.00 

β/° 93.365(9) 

γ/° 90.00 

Volume/Å
3
 2065.4(4) 

Z 4 

ρcalcg/cm
3
 1.416 

μ/mm
-1

 0.105 

F(000) 904.0 

Crystal size/mm
3
 

0.401 × 0.342 × 

0.249 

Radiation 
MoKα (λ = 

 0.71073) 

2  range for data collection/° 3.86 to 56.38 

Index ranges 

-8 ≤ h ≤ 10, 

 -16 ≤ k ≤ 12, 

 -19 ≤ l ≤ 26 

Reflections collected 6946 

Independent reflections 

4476 [Rint = 

0.0182,  

Rsigma = 0.0335] 

Data/restraints/parameters 4476/0/298 

Goodness-of-fit on F
2
 1.063 

Final R indexes [I>=2σ (I)] 
R1 = 0.0738,  

wR2 = 0.2022 

Final R indexes [all data] 
R1 = 0.0937,  

wR2 = 0.2224 

Largest diff. peak/hole / e Å
-3

      0.58/-0.51  
 

Crystal system triclinic 

Space group P-1 

a/Å 8.8714(8) 

b/Å 10.1323(10) 

c/Å 11.8936(11) 

α/° 100.266(8) 

β/° 110.428(8) 

γ/° 102.530(8) 

Volume/Å
3
 939.55(15) 

Z 2 

ρcalcg/cm
3
 1.316 

μ/mm
-1

 0.080 

F(000) 388.0 

Crystal size/mm
3
 0.43 × 0.197 × 0.161 

Radiation MoKα (λ = 0.71073) 

2 range for data collection/° 3.8 to 56.3 

Index ranges 

-10 ≤ h ≤ 11, 

 -13 ≤ k ≤ 12,  

-14 ≤ l ≤ 7 

Reflections collected 5698 

Independent reflections 
4043 [Rint = 0.0199, 

 Rsigma = 0.0445] 

Data/restraints/parameters 4043/0/262 

Goodness-of-fit on F
2
 1.090 

Final R indexes [I>=2σ (I)] 
R1 = 0.0617,  

wR2 = 0.1559 

Final R indexes [all data] 
R1 = 0.0879, 

 wR2 = 0.1776 

Largest diff. peak/hole / e Å
-3

 0.18/-0.28 
 

 

2.2.3.2 Photophysical Studies: 

2.2.3.2.1 UV-Vis spectroscopy and diffuse reflectance spectroscopy (DRS):  

Ultraviolet (UV)-Vis absorption studies for the ligands and the Eu-complexes were 

measured in chloroform (CHCl3) solution, solid as well as thin film. The normalized UV-Visible 

absorption spectra of the ligands and their corresponding complexes in solution are given in 

Figure 2.4. All the ligands were shown absorption maxima (λmax) at 271 nm. The peak in the 270 

nm regions can be attributed to the π→π* transition of aromatic moieties present in the ligand 

structure. In the complexes, along with the maxima in 270 nm regions, two other peaks have also 

been observed in the spectrum (~296 nm and 340 nm). Since the 340 nm peaks are characteristic 

of Eu(TTA)3, so the presence of this peak in the complex can be confirmed the presence of 

Eu(TTA)3 [39]. Also the appearance of the peak at 272 nm in the complexes confirms that the 
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ligands were coordinated to the central metal ion. To further understand, the obtained UV 

spectral absorption, the same analysis was carried out by using computational calculation (both 

gas phase as well as the solution). The obtained results are supporting the experimental findings 

(Figure 2.5).  

      

Figure 2.4 The UV-absorption spectra of the ligands (left) and corresponding Eu
III

 complexes 

(right). 

 

Figure 2.5 The theoretical UV spectra of the ligands in gas phase and DCM solution. 

In order to find the optical band gap of the ligands and the complexes, the DRS of the 

ligands, as well as solids were also carried out. The optical band gaps were calculated for all the 

compounds by converting the DRS data (Figure 2.6 (left, right)) into Kubelka-Munk function by 

using the equation 2.1 [40].
 
The acquired spectrum is converted to Kubelka-Munk function ( = 

F(R)). 

                                                            αh = A(h - Eg)
n                                                              

……...…. (2.1) 
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Figure 2.6 The band gap of the Eu-complexes (left) and ligands (right) by diffuse reflectance 

spectra (DRS). 

2.2.3.2.2 Photoluminescence (PL): 

The emission of the Eu
III

 complex purely depends on the ligand emission (1L, 2L, 3L) or 

TTA excited energy levels, because of its forbidden nature of the 4f-4f electronic transition. The 

solution PL emission studies were carried out for the currently synthesized complexes and the 

ligands, in solid phase as well as chloroform solution. The PL study of the ligands indicate that 

all the ligands (1L, 2L and 3L) emit blue photons with the emission maximum (max) at 403, 407 

and 403 nm under 328, 338 and 328 nm excitation, respectively (Figure 2.7, left). Similar 

observation was made for ligand emission (~445 nm) in solid state with ~340 nm excitation 

(Figure 2.7, right). However, both excitation and emission spectra of the ligands were shown 

little broad and shift towards red region (bathochromic shift) as compare to that of the excitation 

and emission in the solution. This could be attributed that the aggregation of the ligands in the 

solid state. The sharp intense red emission was obtained for the Eu
III

 complexes when the blue 

emitting ligands were coordinated with the Eu
III

 metal ion.  

All the synthesized complexes showed a dominant emission peak around 612 nm when 

excited with a wavelength of 372, 370 and 372 nm for 1Eu, 2Eu, and 3Eu, respectively in 

solution form (Figure 2.8, left). The obtained intensive emission peak at 612 nm corresponds to 

the electric dipole transition of Eu
III

 (
5
D0-

7
F2). Similarly, the complex in the solid state also was 

shown intense red emission at 612 nm under 275, 365 and 375 nm excitation, respectively 

(Figure 2.8, right). Foremost, the absence of several bands in excitation spectra of the complexes 

in the region from 350 to 580 nm ((due to Eu
III

) (364, 394, 415, 465 and 534 nm corresponds to 
7
F0  

5
D4, 

7
F0  

5
L6, 

7
F0  

5
D3, 

7
F0  

5
D2 and 

7
F0  

5
D1, respectively)) indicating that the 

efficient energy transfer from ligand to centre Eu
III

 metal ion. 

In addition, the absence of ligand emission in the spectral range from 400–550 nm, 

clearly indicating complete energy transfer. Along with 612 nm emission peak, there are several 

other emission peaks at 582, 592, (612), 652 and 703 nm (
5
D0-

7
F0, 

5
D0-

7
F1, (

5
D0-

7
F2), 

5
D0-

7
F3 and 

5
D0-

7
F4) were observed, this is due to 4f - 4f electronic transitions of the Eu

III
 ion. The observed 

emission line at ~582 nm is due to 
5
D0-

7
F0 transition indicates that all Eu

III
 ions in the complex 

crystal structure, occupy a site of the same symmetry and experience the similar crystal field 

perturbation in the complex. Peaks at 580 and 652 nm are weak forbidden both in magnetic and 

electric dipole systems. The observed dominant electric dipole (ED) transitions at 612 nm 
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indicate Eu
III

 ion occupies the non-center of the symmetric site and it is dependent on the 

coordinate environment (local site) of Eu
III

 ion.  

  
Figure 2.7 The PL excitation and emission spectra of ligands, 1L, 2Land 3L in solution (left) 

and solid form (right). 

  
Figure 2.8 The PL excitation and emission spectra of the complexes in solution (left) and solid 

form (right).  

The emission intensity ratio between ED and MD transition is a very important parameter 

and the value signifies the covalent environment or non-centrosymmetric location of Eu
III

 ion in 

the crystal structure. From the complex emission spectra, the asymmetric ratio was determined 

for each of them by calculating the ratio between the intensities of 
5
D0-

7
F1 and 

5
D0-

7
F2 emissions. 

The intensity ratio (I2/I1) of the Eu
III

 complex, 1Eu, 2Eu and 3Eu shown 12.5, 13.9 and 15.2 in 

solution, respectively. Similarly, the solid showed 6.4, 10.6 and 15.7, respectively. The results 

are given in Table 2.2 and prove that the complexes are sufficiently asymmetric in nature, which 

is a desirable property in photoluminescent and electroluminescent materials. It is clear that the 

Eu
III

 ion and ligand have strong coordination interaction. The details of the intensity ratio of 

solution and solid were shown in Table 2.ST1. The full width at half maximum (FWHM) of the 

complexes, 1Eu, 2Eu, and 3Eu was showed 7.3, 5.9 and 6.0 nm in solution; 10.6, 8.0 and 4.9 nm 

in solid. The solid form of 3Eu shown less FWHM value and 1Eu was shown broad peak 
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emission, which is ~10 nm. The FWHM of the emission lines are more important since it decides 

the overall efficiency of the light converting devices (white LEDs) [41].  

Table 2.2 Absorption, excitation and emission of the ligands and the corresponding complexes 

in solution as well as solid. 

S. 

No. 

Compound  λabs (nm)
a,b

 λex (nm)
a,c

 λem 

(nm)
a,d

 

I2/I1 

(a/e) 

FWHM  
(a/e)           solution solid 

1.  Phen-Ph-Ph 244, 271, 317 328, 360 339 403, 445
e
 NA NA 

2.  Phen-mCF3-Ph 246, 271, 317 338, 360 349 407, 448
e
 NA NA 

3.  Phen-pCF3-Ph 243, 271, 316 328, 357 353 403, 445
e
 NA NA 

4.  Eu(TTA)3Phen-

Ph-Ph 

296, 340, 342 251, 286, 

319, 372 

275, 319, 

363 

612 12.5/ 

6.4 

7.3/ 

10.6 

5.  Eu(TTA)3Phen-

mCF3-Ph 

296, 340, 272 253, 287, 

320, 370 

287, 319, 

367 

612 13.9/ 

10.6 

5.9/ 

8.0 

6.  Eu(TTA)3Phen-

pCF3-Ph 

296, 341, 272 248, 286, 

319, 372 

321, 375 612 15.2/ 

15.7 

6.0/ 

4.9 
a 
measured in chloroform solution at 298 K, 

b
absorption peaks from the UV-Vis absorption spectra. 

c
excitation peaks from PL monitoring emission. 

d
emission peaks from photoluminescence emission 

spectra. 
e
emission from PL in solid form. NA = Not applicable 

 

In order to obtain high-efficiency red emission from Eu
III

 ion, it is very much essential to 

realize the energy transfer between singlet (
1
ππ*) and triplet (

3
ππ*) energy levels of ligand and 

subsequent triplet (
3
ππ*) to 

5
D0 level energy transfer to get characteristic red emission from Eu

III
 

metal ion. It is well identified that the Eu
III

 metal ion, excited (
5
D0) energy level located at 17500 

cm
-1 

[42]. Latva et al., investigation explains the difference between ligand triplet (
3
ππ*) and the 

Eu excited state (
5
D0) should be > 2500 cm

−1 
[43]. Therefore, considering these facts, one should 

keep in the mind while designing the ligand electronic structure for Eu-complex. The ligand 

should have triplet energy level higher than that of 
5
D0 level of Eu

III
 ion. In accumulation, singlet 

state should be located higher than >25,000 cm
−1

 and triplet state located higher than >20,000 

cm
−1

. Therefore, in the present study, the singlet and triplet energy state values were calculated 

by theoretical analysis (DFT and TD-DFT). 1L, 2L and 3L were shown singlet and triplet energy 

levels at 29,140 (3.61 eV), 29,269 (3.62 eV), 29,342 (3.63 eV) and 22,639 (2.80 eV), 22,607 

(2.80 eV), 22,615 (2.80 eV) cm
-1

, respectively (Figure 2.9). The reported TTA ligand moiety 

located at around 25,164 (3.12 eV) and 18,954 cm
-1

 (2.35 eV) [44].
  

The triplet state energy level is higher than that of 
5
D0 energy level of the Eu

III
 complex 

(around 3373 cm
-1

) and it is clearly indicating that the energy gap (ΔE) between triplet state of 

the ligands and 
5
D0 energy level of Eu

III
 ion is optimum, which facilitates the energy transfer 

from ligand to Eu
III

 ion. In addition, energy transfer mechanism of complex, one need to consider 

the TTA excited singlet and triplet state and it can act as a transitional state between the singlet 

to triplet excited states of the ligand and triplet excited state to the excited 
5
D0 level of Eu

III
 ion, 

respectively. Because the energy gap between ligand triplet state and 
5
D0 level of Eu

III
 ion was 

sufficiently more. Thus, one can argue that the energy transfer from ligand triplet state to Eu
III

 

metal ion excited level occurs through TTA triplet state. It is well known that the effective 

energy transfer process from donor to acceptor occurs when there is an effective overlap between 

the emission spectrum of the donor as well as the absorption spectrum of the acceptor. In order to 

further understand the energy transfer from the excited energy of the ligand singlet level to TTA 

moiety (singlet state), we have experimentally found that the overlap of the absorption spectrum 
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of TTA and the ligand emission spectrum (Figure 2.S4).  It is clear that ligand excited energy can 

transfer to TTA [45]. In addition, the digital images of the complexes as well ligands were shown 

in Figure 2.10. 

 

Figure 2.9 Schematic representation of the photophysical process of the Eu
III

 complex via singlet 

and triplet energy levels of the ligand a TTA and the term states of the Eu
III

 metal ion. 

    

Figure 2.10 Synthesised Eu
III

 complex, ligand and Eu(TTA)3 under normal light, a, b, c (left) 

and under UV lamp (right) in solution a, b, c; respectively. Thin film of (d) Eu(TTA)3Phen-R-Ph 

(3 complexes), solid of (e) Phen-R-Ph (3 ligands) and thin film of (f) ligands. 

2.2.3.2.3 Photoluminescence quantum yield (PLQY): 

The quantum yield of the complexes was calculated using an integrating sphere for both 

solid samples and complex in chloroform solutions. The absolute quantum yield (, QE) 

(integration sphere) of the complex calculated by the following formulae (2.2 and 2.3) [46]. 

                                            𝜑 =
𝐿0()−𝐿𝑖()

𝐿0()
                                         …..……………  (2.2) 

                                                  =
𝐸𝑖()−(1−𝜑)𝐸0()

𝐸0()𝜑
                                       …..……………  (2.3) 

Where, L0() is the integrated excitation profile (sample is directly excited by the incident 

beam) and Li() are the integrated excitation profile attained from the empty integrated sphere. 

E0() is the integrated luminescence of powder caused by direct excitation and Ei() is indirect 

illumination from the sphere, respectively. The calculated QY of the complexes, 1Eu, 2Eu, and 

3Eu are 23.6, 26.5 and 16.3 % in solution, respectively.  In the case of solid complexes QY 

showed is 33.5, 39.4 and 36.5 % for 1Eu, 2Eu, and 3Eu, respectively. The highest observed 
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quantum yield for 2Eu in solid phase was 26.5 % whereas, that in the chloroform solution was 

39.4 %. In addition, fluorination of the ligands (2L and 3L) showed a slight decrease in the triplet 

energy state compare to that of without fluorinated ligand, which facilitates the efficient energy 

transfer from ligand to central metal ion. The measured QY results are tabulated in Table 2.4. 

2.2.3.2.4 Judd-Ofelt parameters and lifetime analysis: 

The Judd-Ofelt parameters for the Eu
III

 complexes were calculated form the PL emission 

spectra and it is well reported [47-49]. Judd-Ofelt parameters are necessary to know in order to 

have an idea about the covalent (strong/weak) nature of the complexes. To archive, the faster 

Eu
III

 radiative rates, design asymmetrical Eu
III

 complexes with larger Ω2 are preferable. The 

calculation of experimental intensity parameters ΩJ (J = 2 and 4) was done for 
5
D0 → 

7
F2 and 

5
D0 

→ 
7
F4 transition by keeping 

5
D0 → 

7
F1 as a reference. The relation between radiative emission 

rate and integrated emission intensity is given by equation 2.4: 

                                                               
𝐴0−2,4

𝐴0−1
=  

𝐼0−2,4

𝐼0−1

ℎ𝜗0−1

ℎ𝜗0−2,4
                                …................ (2.4) 

where I0–J represents the area under the spectral curve and hυ0–J is the energy corresponding to 

the 
5
D0 → 

7
FJ (J = 1, 2, 4) transition of Eu

III
. The magnetic dipole radiative transition rate A0–1 

was taken to be 50 s
-1

 for present calculations. Hence the electric dipole transition probability can 

be obtained from the above relation. The forced electric dipole transitions 
5
D0 → 

7
F2 and 

5
D0 → 

7
F4 as a function of Judd–Ofelt intensity parameter is formulated as (equation 2.5): 

                              𝐴0−𝐽 =
64𝜋4(𝜗0−2,4)2

3ℎ𝑐3   
1

4𝜋𝜖0
 ∑ 𝜒 ⟨ 𝐷0

5 |𝑈𝐽| 𝐹2
7 ⟩

2 
 𝐽=1,2           ..……………  (2.5) 

Where v is the Lorentz local field correction factor which is a function of refractive index 

n = 2.02 of the host and is given by the relation χ = n (n
2
 + 9)

2
/9.  ⟨ 𝐷0

5 |𝑈𝐽| 𝐹2
7 ⟩

2  
are the square 

reduced matrix elements, independent of the chemical environment of the Eu
III

 ion. The values of 

non-zero square reduced matrix ⟨ 𝐷0
5 |𝑈𝐽| 𝐹2

7 ⟩
2 

  = 0.0032 for 
5
D0→

7
F2 transition and 

⟨ 𝐷0
5 |𝑈𝐽| 𝐹4

7 ⟩
2 

 = 0.0023 for 
5
D0→

7
F4 transition were taken for the present calculations. The 

Judd-Ofelt parameters (Ω2, Ω4 values) of the complexes, 1Eu, 2Eu, and 3Eu are interpreted in 

Table 2.4. From the obtained Ω0-2 value, one can agree that the 2Eu and 3Eu complexes are 

having more covalent character. It could be expected that the presence of -CF3 group in the 

complexes (2Eu and 3Eu).  

Luminescence decay curves of the Eu
III

 complexes 
5
D0 excited state were measured at 

298 K and under 360 nm excitation source (Figure 2.11). The lifetime data of the ligands and the 

respective complexes were fitted with the single exponential function given by the equation, 

𝐼(𝑡) = 𝐼0 + 𝐴1 exp  (
−𝑡

𝜏
); where A1 is the scalar quantity obtained from the curve fitting of the 

complex, t is time in mille second, I0 = 0 is the offset value and τ is the decay time value for the 

exponential component. However, some of the complexes in solid, thin film and most of the 

ligands are best fitted with the bi-exponential curve and details are inferred in Table 2.3. 

The lifetime of the complexes and the ligands were calculated both in solid phase as well 

as in solution (different solvents). It was observed that the longer lifetimes were obtained in 

dichloromethane, acetone, and dimethyl sulfoxide solutions for the complexes 1Eu, 2Eu, and 

3Eu, respectively. It indicates that the complexes in DCM, acetone, and DMSO have less non-

radiative transitions pathway. The observed order for three complexes were: 1Eu: Acetone > 
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dichloromethane (DCM) > dimethyl sulfoxide (DMSO) > Toluene > Chloroform (CHCl3) > 

Tetrahydrofuran (THF) > Solid > dimethylformamide (DMF); 2Eu: DCM > Acetone > DMSO > 

Toluene > CHCl3 > THF > Solid > DMF; and 3Eu: DMSO > Acetone > Toluene > DCM=CHCl3 

> THF > DMF > Solid, respectively. Very less lifetime observed in the case of the Eu complexes 

in the solid phase. It could be expected that the close packing of the molecules in the solid state 

leads to non-radiative relaxation via vibrionic coupling than that of the solution [50].
  

     

 

Figure 2.11 The lifetime of the complexes, 1Eu, 2Eu and 3Eu in different solvents. 

The lifetime of the ligands, 1l, 2L and 3L are showed in Figure 2.S5 to 2.S7, respectively. 

The obtained ligand lifetime out comes was also shown the longer lifetimes in dichloromethane, 

acetone and dimethyl sulfoxide. In addition, the PMMA matrix thin film of the complexes shown 

improved lifetime and found to be highest lifetime is 0.665 ms (0.1 %) for 2Eu complex (Figure 

S11-13). When the concentration increasing from 0.1 to 1 %, the lifetime was also increased and 

afterwards lifetime was reduced. It may be due to the presence of Eu
III

 ions close packing in the 

concentrated thin film (leads to concentration quenching) [51] of the complexes and leads to 

non-radiative enhancement via decreasing the lifetime. 
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Table 2.3 Lifetime of the complexes and ligands in solution and solid phase. 

S. 

No. 

Compo

und 

Lifetime (in ms) 

Solid Acetone CHCl3 DCM DMF DMSO THF Toluene 

1 1Eu 0.500
a
 0.648 0.573 0.632 0.479 0.597 0.513 0.580 

2 2Eu  0.466
a
 0.609 0.555 0.612 0.453 0.592 0.506 0.587 

3 3Eu  0.416
a
 0.596 0.548 0.548 0.449 0.598 0.49 0.574 

4 1L
a
 0.002 0.0024 0.0019 0.0019 0.0028 0.0026 0.0018 0.0025 

5 2L
a
 0.0019 0.0018 0.0019 0.0021 0.0019 0.0038 0.0019 0.0025 

6 3L
a
 0.0017 0.0022 0.0019 0.0024 0.002 0.002 0.0019 0.0021 

a
Bi-exponential fitting. Luminescence intensity could be described by the sum of two exponential 

decay components from I(t) = 𝐴1exp(−
𝑡

1 
) + 𝐴2exp(−

𝑡

2 
), Here, 1 and 2 are short- and long-

decay components, A1 and A2 are fitting constants. The average lifetime  is =(
𝐴11+

2  𝐴2 2
2

𝐴11 +  𝐴2 2 
).                

To understand further, the overall quantum yield (overall) (Eqn. 2.6) was calculated and 

other lifetime parameters also been calculated for Eu
III

 complexes. The overall obtained under 

ligand excitation and it depends on two essential parameters. The primary one, efficiency of 

energy transfer from the ligand to the Eu
III

 ion (sens), and another one is the intrinsic quantum 

yield ( upon direct excitation into the f level) [52, 45b]. 

                                                            overall = sens Ln                                  …………………… (2.6) 

The intrinsic quantum yield (Ln) of the Eu
3+

 ion can calculate with obs and rad lifetime, the 

equation (2.7) followed as 

                                                    Ln = (
𝐴RAD

𝐴RAD + 𝐴NR

) = 
𝑜𝑏𝑠

𝑅𝐴𝐷
                    …………………… (2.7) 

The radiative lifetime (RAD) can be calculated by corrected emission spectrum according 

to using equation 2.8. It is assuming that the energy of the 
5
D0 → 

7
F1 (MD) transition and its 

oscillator strength are constant. Here, ITOT/IMD is the ratio of the total area of the corrected Eu
III

 

emission spectrum to the area of the 
5
D0 - 

7
F1 band, AMD,0 (14.65 s

-1
) represents the spontaneous 

emission probability of the 
5
D0 - 

7
F1 transition (in vacuo), and n is the refractive index of the 

medium. An average index of refraction (1.5) was employed in the calculation [53].  

                                                𝐴RAD = (
1

RAD 
) = A MD, 0n

3
  (

𝐼𝑇𝑂𝑇

𝐼𝑀𝐷
)          …………………… (2.8) 

From the relative areas of the 
5
D0–

7
FJ emission transitions (which associates with the 

already predicted J–O theory) of Eu
3+

 ion is used to determine the experimental branching ratio 

(β1-3). In general, the efficiency of the energy transfer from the ligand to Eu
III

 ion can be 

predicated by the obtained intrinsic quantum yield (ΦLn) and energy transfer efficiency (sen). 

The calculated value for the presently studied complex indicates that the currently studied 

ancillary ligand is an efficient sensitizer for the Eu
3+

 ion. All the calculated parameters are 

tabulated in Table 2.4. In addition, the calculated experimental branching ratios (β1-3) of the 

complexes were also investigated in Table 2.ST2. 

2.2.3.2.5 PMMA film study of Eu
III

 complexes and CIE color coordinates:  

The PL emission of the complexes in solution, as well as solid, was studied. In addition, 

thin film analysis by using PMMA as a matrix in different ratio with Eu complex to fabricate the 

composite film devices. It is well-known that the PMMA can easily prepared polymer (excellent 
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optical quality) and cost effective. It was observed that all the three complexes as the 

concentration were increased (0.1 to 5 through 0.5 and 1), there was an increase in the intensity 

of the 
5
D0-

7
F1 transition, thus signaling activation of magnetic dipole transitions and at the same 

time splitting of 
5
D0-

7
F2 peak is also observed (at 5 %). This can be attributed to the 

aforementioned reason (Figure 2.12). In addition, the calculated I2/I1 asymmetric ratio values are 

decreasing with increasing the concentration of Eu-complex in the thin film. The corresponding 

FWHM (nm) showed increasing with increasing the concentration (in all the complexes).  

Obtained results one can conclude that the concentration inversely proportional to 

intensity ratio values and proportional to the FWHM. The highest intensity ratio is found to be 

~9 and highest FWHM is ~17 nm. The calculated intensity ratio as well FWHM outcomes are 

interpreted in the Table S2. Further, absolute QY of the composite film devices (0.1, 0.5, 1 and 

5 %) of the complexes (1Eu, 2Eu, and 3Eu coated with PMMA film) was measured, shown for 

1Eu is 58.6% (1%), 2Eu is 63.8 (0.5%) and 78.7% (5%), respectively. The fluorinated bipolar 

ligand containing complexes were shown highest QY as compared to that of free fluorinated Eu-

complex (1Eu). The obtained results are suggesting that the 1 and 5 % Eu complex doping is 

suitable, whereas the increasing concentration of Eu-complex in PMMA matrix leads to energy 

transfer between the Eu
III

 ions themselves through as a non-radiative process, instead of to reach 

the ground state (radiative). The obtained results from the lifetime of thin films were also 

supporting the same.  

Table 2.4 The J-O parameters (2 and 4), Radiative (ARAD) and nonradiative (ANR) decay rates, 
5
D0 lifetime (tobs), intrinsic quantum yield (Ln), energy transfer efficiency (sen) and overall 

quantum yield (overall) for complexes. 

S. No. Compound  2        4 ARAD 

(S
-1

) 

ANR 

(S
-1

) 
obs 

(ms) 

RAD 

(ms) 

Ln 

(%) 

Sen 

(%) 

Overall 

(%)  (10
-20

 cm
2
) 

1. 1Eu, Solution   728.7 101 0.573 1.37 41.75 80.2 33.5 

2. Solid 3.64 0.34 408.1 159 0.500 2.45 20.4 11.7 23.6 

3. Thin film, 0.1%   313.7 128 0.627 3.19 19.7 10.5 20.6 

4. 0.5 %   349.0 131 0.604 2.86 21.0 19.0 40.1 

5. 1 %   257.4 130 0.642 3.88 16.8 34.7 58.6 

6. 5 %   199.6 150 0.587 5.02 11.7 --.-- --.-- 

7. 2Eu, Solution   888.5 913 0.555 1.12 49.31 79.9 39.4 

8. Solid 6.02  0.46  610.6 154 0.466 1.64 28.4 93.2 26.5 

9. Thin film, 0.1%   323.0 118 0.665 3.09 21.4 15.3 32.8 

10. 0.5 %   261.8 138 0.610 3.81 16.01 23.6 37.8 

11. 1 %   260.8 132 0.634 3.83 16.6 38.4 63.8 

12. 5 %   211.2 141 0.615 4.73 13.0 --.-- --.-- 

13. 3Eu, Solution   810.3 101 0.548 1.23 44.4 82.1 36.5 

14. Solid 8.96  0.58  852.3 155 0.416 1.17 35.6 45.8 16.3 

15. Thin film, 0.1%   351.3 129 0.609 2.84 21.5 13.6 29.2 

16. 0.5 %   225.1 136 0.631 4.44 14.2 37.1 52.7 

17. 1 %   318.1 133 0.608 3.14 19.3 23.2 44.9 

18. 5 %   206.4 149 0.587 4.84 12.1 64.8 78.7 

The highest QY was obtained for thin film than in the solution state, indicate that the 

fluorination could reduce the non-radiative energy migration in the complex and thus it leads to 

higher QY in a thin film. In addition, the PPMA matrix can reduce the collisional quenching of 
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the ligand triplet state in the polymer matrix leads to enhance the QY. In other words, the long 

chain of the PMMA and rigidity may lead to near the donor and acceptor in the Eu-complex 

through efficient inter molecular energy transfer. Similar results also been documented, in highly 

fluorinated carbazole substituted β-diketonate ligand consisted Eu-complexes shown 

photoluminescence quantum yields 79-84 % (thin film)
 
[54a]. Further, it is also comparable with 

the reported luminescent β-diketonate europium complexes doped in PMMA matrixes [54b-d]. 

   

 
Figure 2.12 The PL emission spectra of the complexes, 1Eu, 2Eu and 3Eu in a thin film by using 

PMMA matrix. 

The CIE color coordinates were calculated using a MATLAB software package from the 

emission spectral data of both the solid and solution phase of the samples. The calculated results 

are given in Figure 2.13 (screen shot of the absolute QY measurement is given in Figure 2.S9). 

The detailed investigation of CIE for the ligands and complexes in solution as well as solid were 

given in Table 2.ST4 to 2.ST7. It can be seen that all the ligands have emission in the blue 

region, whereas the complexes all emit in the red region in both solution and solid state. When 

the concentration increasing, the CIE value moves towards pure red emission in spectra. 

However, a thin film of the all the complexes shown red emission and the corresponding CIE 

color coordinates are also confirmed the same. In addition, the values are well matched with the 

NTSC standard values and the calculated CIE values for all the thin films (different Eu complex 

ratio) are tabulated in Table 2.ST3.  
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Figure 2.13 The calculated CIE color coordinates of Eu
III

 complexes in PMMA matrix (inset 

thin film digital images under UV light, left), and ligands and respective complexes in solution, 

solid and thin film (inset digital images of solution, solid and thin film under UV light (365 nm) 

(right)). 

2.2.3.3 Electrochemical properties: 

The cyclic voltammetry (CV) analysis was carried for the ligands and their respective 

complexes. The potential Vs. current curves of the ligands and the complexes is provided in 

Figure 2.14. The onset potentials (Eonset) of the complexes can be utilized further to calculate 

their HOMO and LUMO energy levels with the formula (2.9 and 2.10): [55] 

𝐸𝐻𝑂𝑀𝑂 = −(𝐸𝑂𝑛𝑠𝑒𝑡 
𝑂𝑥 + 4.4)𝑒𝑉     …………………… (2.9) 

                               𝐸𝐿𝑈𝑀𝑂 = −(𝐸𝑂𝑛𝑠𝑒𝑡 
𝑅𝑒𝑑 + 4.4)𝑒𝑉       …..……………… (2.10) 

    

Figure 2.14 The Cyclic voltammetry plot of the ligands (left) and the corresponding complexes 

(right). 
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Figure 2.15 The energy levels of the complex and corresponding ligands. 

The results are given in Table 2.5 and the relative levels of the HOMO and LUMO of the 

corresponding complexes and ligands are given in a pictorial view (Figure 2.15). The currently 

studied complexes follow each redox reaction involves a reversible one-electron transfer and it is 

responsible by the phenanthromidazole (phen and imidazole) as well as fluorine moieties. The 

obtained HOMO and LUMO levels of the complex and ligands are shown less variation. The 

complexes have a lower HOMO level compared to that of the ligands which prove that the 

ligands were coordinated. Also, a lower band gap on the complex indicates towards the 

bathochromic shift in the emission of the complex as compared to that of the ligands. The 

calculated energy gap of the complexes is showed at ~2.0 eV, which is the best association to 

obtain the red emission. 

Table 2.5 Onset oxidation and reduction potentials of the ligands and complexes. 

2.2.3.4 Theoretical Calculations: 

The ligand structures were first optimized in the gas phase using DFT and Becke three-

parameter Lee-Yang-Parr (B3LYP) form for exchange-correlation potential and 6-31G (d, p) 

basis set [56, 30].
 
All the structures were found to be in the minima of the potential energy 

surface as the normal mode of frequencies are all positive. After that, the UV−Vis spectra 

calculations were performed using time-dependent density functional theory (TD-DFT) with gas 

phase optimized geometries. Taking into consideration that the geometry of the molecule might 

S. 

No. 

Compound 𝑽𝒐𝒍𝒕𝒂𝒈𝒆𝒐𝒏𝒔𝒆𝒕
𝑶𝒙  (V) 

(EHOMO (eV)) 

𝑽𝒐𝒍𝒕𝒂𝒈𝒆𝒐𝒏𝒔𝒆𝒕
𝑹𝒆𝒅  (V) 

(ELUMO (eV)) 

Energy 

gap (eV) 

Waveleng

th (nm) 

1. Phen-Ph-Ph 1.016 (-5.42) -0.916 (-3.48) 1.94 639 

2. Phen-mCF3-Ph 1.208 (-5.61) -0.889 (-3.52) 2.09 593 

3. Phen-pCF3-Ph 1.271 (-5.67) -0.992 (-3.41) 2.26 548 

4. Eu(TTA)3Phen-Ph-Ph 1.051 (-5.45 ) -0.916 (-3.48) 1.97 629 

5. Eu(TTA)3Phen-mCF3-Ph 1.127 (-5.53) -0.884 (-3.52) 2.01 616 

6. Eu(TTA)3Phen-pCF3-Ph 1.152 (-5.55) -0.878 (-3.52) 2.03 610 
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change in solvent phase the optimization of the geometries under solvent phase has also been 

carried out. We found that there is no such prominent change in the geometries of the molecule. 

 
 

Figure 2.16 Optimized structures of the ligands 1L, 2L, and 3L. 

All calculations were carried out using Gaussian09 W and Gaussian view suite of 

programs. Optimized geometries of the ligands are given in Figure 2.16. Their corresponding 

frontier orbital energies and gas phase UV-Vis spectral wavelengths are tabulated in Table 

2.ST8. The frontier orbital (LUMO+1 to HOMO-1) diagrams also been provided in Table 2.6 

Table 2.6 The HOMO-LUMO and HOMO-1, LUMO+1 diagram of the ligands 

 Phen-Ph-Ph Phen-mCF3-Ph Phen-pCF3-Ph 

LUMO+1 

 
 

 

LUMO 
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HOMO 

 
  

HOMO-1 

   

2.2.3.5 Fabrication of LED using Eu complexes: 

Based on the red emission of the complexes in solid as well as in the thin film, it was 

taken initiation to do the realistic application for the complex. Part of that, fabrication of LED by 

using these complexes was established. InGaN-based LED chip (395 nm – UV light) conjugated 

with the presently synthesized complex in different ratios (Figure 2.17) and obtained emission 

spectrum with 20 mA as a forward bias. It extreme, the complexes in 1:10 and 1:50 (Eu: PMMA) 

mass ratio shown red emission. The CIE color coordinates are, x = 0.65, y = 0.34 (1:10), x = 

0.65, y = 0.34 (1:50); x = 0.64, y = 0.35 (1:10), x = 0.65, y = 0.34 (1:50) and x = 0.65, y = 0.34 

(1:10), x = 0.65, y = 0.34 (1:50) for 1Eu, 2Eu and 3Eu (Figure 2.17, right). The calculated 

outcomes were approximately satisfactory values of NTSC standards. The excitation source from 

LED was mostly utilized by complex for 2Eu than remaining complexes. The calculated CIE of 

the 3Eu was shown a slight deviation from the red emission and shown pinkish-red emission in 

the CIE spectra. However, all the complexes are shown red emission and indicating that the 

synthesized complexes are potential red materials. 
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Figure 2.17 The emission spectra of the Eu
III

 complex with coated on the InGaN (395 nm) 

emitted LED chip. In inset a is the original 395 nm emitted LED chip, aa is under forward bias. 

b is coated with Eu
III

 complex and bb is with a forward bias, respectively. The calculated CIE 

color coordinates for complex coated LED’s (right side down). 

2.3 White light emissive ancillary ligand and their Eu
III

 complex:  

2.3.1 Outline of the present study: 

As mentioned in the previous part of this chapter that the Eu complexes find potential 

applications in the white LEDs.  White LEDs based on multiple emitters conjugated with either 

near UV or blue LEDs can be problematic as the device is very complicated, and the controlling 

of color balance is difficult. It is also difficult to attain continuous visible spectrum over the wide 

range of wavelengths that can serve as a natural and human-friendly lighting source. Thus, most 

of the problems that are encountered can be evaded by using single-phase white-emitting 

phosphors/fluorophores with higher luminous output and brilliant color rendering index [56].
  

Since, single molecule white emission in lanthanide coordination complex is scarcely 

reported [57-59], research on designing and synthesizing new white emissive lanthanide 

complexes are attractive research task. Designing of white light emitting lanthanide complex 

relies on twofold strategy: first the lanthanide ions should provide a set of kinetically labile 

coordination geometries and show a red luminescence from Ln
III

 (Ln
III

 = Eu
III

, Pr
III

 and Sm
III

) 

emissive center. The second one is to design ancillary ligand that could act as a bridge between 

the triplet level of ligand and the excited level of Ln
III

 ion (indirectly help in a population of 

emissive Ln
III

 centre). Ligand to metal energy transfer (LMCT) process is highly dependent on 

the design principle of the ligand.  

Here, we introduce the strategy to achieve white-light-emission from the single molecular 

complex by incorporating polyaromantic chromophores in the Eu complex that are capable of 

emitting in the bluish-yellow region and simultaneously sensitize red emissive center, Eu
III

, 

through incomplete or partial energy transfer. White emission from single molecular complex 

achieved by combining a bluish-yellow emitter (ligand/excimer) and a Eu
III

 red sensitized 

emission.  The detailed investigation of photophysical, electrochemical properties and theoretical 

analysis were performed for the newly synthesized ligand as well as the Eu complex.  The 
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energy transfer mechanism was proposed based on the combined experimental and theoretical 

studies. The presently synthesized ligand and the respective Eu
III

 complex are shown in Figure. 

2.18.  
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Figure 2.18 Structure of the synthesized ligand and respective Eu
III

 complex, the pictorial view 

of energy transfer shown with arrows. 

2.3.2 Experimental: 

2.3.2.1 Materials: 

The chemicals obtained through commercial means were used without any modification 

unless otherwise stated. Fluorene (Fl 99.9%), was purchased from Sigma-Aldrich chemicals, 

details are given in previous part experimental section 2.2.2.1. 

2.3.2.2 Measurement:  

The details are given in previous measurement section 2.2.2. 

2.3.2.3 Synthesis:  

An inert nitrogen atmosphere was maintained for all the reactions. The Eu(TTA)3·2H2O 

and 1,10-phenanthroline-5, 6-dione synthesis explained in section 2.2.2.3. A reported literature 

procedure was used to synthesize fluorene compound [38a]. 

2.3.2.3.1 Synthesis of 9,9-diethyl-2-nitro-9H-fluorene (1-1):  

Into a clean two neck round bottom flask poured 1-1 (0.2 g, 0.899 mmol) and added 

acetic acid (1.6 mL) solution at RT. This mixture was heated to 50 
o
C then added nitric acid (0.2 

g, 5.411 mmol) drop wise. The resulting mixture was stirred for 24 hrs at 70 
o
C and the progress 

of the reaction was monitored by TLC (1:9 EtoAc: Hexane, Rf is 0.5). RM was cooled to RT and 

poured into water then basified with diluted sodium hydroxide solution up to pH 7 (neutral), 

extracted with ethyl acetate combined organic layer was washed with brine followed by dried 

with anhydrous sodium sulphate, solvent was evaporated to get crude compound. This was 

washed with hexane and diethyl ether simultaneously to get 1-2 (220 mg, 91%) with brick 
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yellow color solid. 
1
H-NMR Data (400 MHz, CdCl3):  (in ppm) 8.29 (dd, 1H), 8.21 (d, 1H), 

7.82-7.80 (m, 2H), 7.47-7.39 (m, 3H), 2.14-2.07 (m, 4H) and 0.32 (t, 6H). 
13

C-NMR Data 

(CdCl3, 100 MHz):  (in ppm) 151.5, 151.1, 148.0, 147.1, 139.1, 129.2, 127.4, 123.3, 121.1, 

119.7, 118.3, 56.71, 32.5 and 8.39. 

2.3.2.3.2 Synthesis of 9,9-diethyl-9H-fluoren-2-amine (1-2):  

To a stirred solution of 1-2 (200 mg, 0.749 mmol) in ethanol (15 mL) added hydrazine 

monohydrate (0.5 mL) at RT. Then palladium on carbon (Pd/C, 10% w/w) (0.05 g) was added 

under nitrogen atmosphere and resulting mixture was refluxed (85 
o
C) for 10 hrs. The progress of 

the reaction was monitored by TLC (EtOAc: Hexane 2:8, Rf-0.6, ninhydrin active) and RM was 

filtered through celite bed followed by concentrated to get 190 mg of 1-3 crude compound. This 

was purified with column chromatography by using silica gel (100-200 mash). The compound 

eluted with 8% ethyl acetate in pet ether and solvent concentrated to get 160 mg (90%) 1-3 pure 

compound with pale brown color. 
1
H-NMR Data (400 MHz, CdCl3):  (in ppm) 7.60 (d, 1H), 

7.54-7.51 (m, 1H), 7.34-7.29 (m, 2H), 7.25 (d, 1H), 6.70-6.68 (m, 2H), 3.63 (bs, 2H), 2.06-1.95 

(m, 4H) and 0.37 (t, 6H). 
13

C-NMR Data (CdCl3, 100 MHz):  (in ppm) 151.7, 148.8, 141.9, 

132.7, 126.9, 125.5, 122.6, 120.3, 118.2, 113.8, 109.7, 55.7, 32.8, 8.4  

2.3.2.3.3 Synthesis of 1-(9,9-diethyl-9H-fluoren-2-yl)-2-phenyl-1H-imidazo[4,5-

f][1,10]phenanthroline:  

9,9-diethyl-9H-fluoren-2-amine (0.13 g, 4.762 mmol) and benzaldehyde ( 0.5 g, 4.762 

mmol) were added turn wise to a stirred solution of 1,10-phenanthroline-5,6-dione (1.0 g, 4.762 

mmol) in acetic acid, followed by ammonium acetate (3.7g, 47.62 mmol) and the mixture was 

stirred for 12 hours at 110°C under nitrogen atmosphere. The reaction was monitored by TLC 

(MeOH : DCM = 1:9). The product was then neutralized with ammonium hydroxide solution 

followed by extraction with DCM and drying with sodium sulphate. The product was then 

concentrated and purified by column chromatography using silica bed (100-200 mesh) with 5% 

MeOH in DCM as the eluent. The purified product was dissolved in minimal amount of THF and 

an excess amount of hexane was added to it. The solid was allowed to settle down and then the 

solvent was decanted. The above process was repeated till a fine powder like sediment was 

obtained. Elemental Analysis: Anal. Calc. for. C36H28N4; C, 83.69; H, 5.46; N, 10.84 %, Found: 

C, 83.58; H, 5.40; N, 10.91 %. 
1
H-NMR (400 MHz, CDCl3): δ (in ppm) 9.22 (dd, J = 4.4 Hz, 

1H), 9.19 (dd, J = 8.2 Hz, 1H), 9.06 (dd, J = 4 Hz, 1H), 7.94 (d, J = 8 Hz, 1H), 7.8 (d, J = 5.6 Hz, 

1H), 7.78 (dd, J = 7.8 Hz, 1H), 7.69 - 7.658 (m, 3H), 7.65 - 7.41 (m, 5H), 7.34 - 7.24 (m, 4H), 

2.11 - 1.98 (m, 4H), 0.447 (t, J = 7.2 Hz, 3H), 0.280 (t, J = 7.2 Hz, 3H). 
13

C NMR (CDCl3, 100 

MHz): δ (in ppm) 151.9, 149.6, 148.4, 147.4, 144, 143.7, 139, 135, 130, 129, 128, 127, 126.8, 

123, 122, 121, 120, 119, 56.24, 32.4, 7.96.  

2.3.2.3.4 Synthesis of Eu(TTA)3Phen-Fl-Ph:  

In a round-bottom flask, solution of Eu(TTA)3.2H2O (0.230 g, 0.27 mmol) in dry THF 

(15 mL) was taken and to it the Phen-Fl-Ph ligand was added. The mixture was then stirred for 6 

hours at 60°C in a nitrogen atmosphere after which it was concentrated and dissolved in 

minimum amount of THF. To the solution excess of hexane was added and powder type 

sediment was obtained. The solvent layer was then decanted and the powder was dried. 
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Elemental Analysis: Anal. Calc. for. C60H40EuF9N4O6S3; C, 54.10; H, 3.03; N, 4.21; S, 7.22 %, 

Found: C, 53.98.; H, 2.99; N, 4.31; S, 7.25 %.  
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Scheme 2.2 The synthetic route for the preparation of Eu
III

 complex. 

2.3.2.4 FT-IR analysis:  

The synthesized ligand and its corresponding complex were characterized by FT-IR 

analysis. The ligand was shown a peak at around 1606 cm
-1

 (attributed to the C=N stretching 

frequency) and the complex shown 1688 and 1595 cm
-1

 (attributed to the C=O and C=N 

stretching frequency), respectively. The changing of C=N starching frequency of the ligand in 

the Eu-complex indicates that the ligand is coordinated with the Eu
III

 metal ion. In addition, it 

was also further confirmed by the FT-IR analysis of Eu(TTA)3 complex.  The Eu(TTA)3 

complex shown a peak at 1609 cm
-1

, due to C=O stretching frequency, the same peak was shifted 

to 1688 cm
-1

 in the Eu
III

-complex and it clearly indicates that the coordinated water molecule in 

the Eu(TTA)3 complex was replaced by the phenanthroimidazole ligand. The FT-IR spectra of 

the ligand and complex comparison
 
with Eu(TTA)3 was shown in Figure 2.19. 
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Figure 2.19 The FT-IR analysis of the complex and ligand as well as comparison with 

Eu(TTT)3.2H2O. 

2.3.3 Results and Discussion: 

The ligand was synthesized and coordinated with Eu(TTA)3 complex. The ligand as well 

as the complex was characterized by NMR (Figure 2.S8-2.S10), FT-IR (Figure 2.S11 and S12) 

and elemental analysis. The photophysical, electrochemical and theoretical analysis were also 

been carried out. The synthetic scheme of the ligand and complex was given in the Scheme 2.2. 

2.3.3.1 Photophysical Study: 

2.3.3.1.1 UV-Vis Spectroscopic analysis:  

The UV-Visible spectra of Phen-Fl-Ph and the corresponding complex, Eu(TTA)3Phen-

Fl-Ph, were measured in chloroform solution (1x10
-4

 mol/L) and shown in Figure 2.20 (left). In 

the absorption spectra, identical peaks from Eu(TTA)3Phen-Fl-Ph complex and Eu(TTA)3 at 297 

nm and 340 nm was observed and it can be attributed to π→π* of the ligand molecules. It is also 

worth to note that the Eu(TTA)3 presence in the synthesized Eu complex. Similarly, the ligand 

absorption peaks appear in the complex, it also further indicates that the ligand coordinated with 

the Eu metal ion in the complex. The peak in the UV region (200 to 300 nm) with peaking 

wavelength at 270 nm, usually attributed to the π→π* transitions of aromatic moieties present in 

the ligands and complex. The obtained absorption spectral analysis was interpreted in Table 2.7. 

The UV-absorption spectra of the ligands were calculated in gas and solution from the theoretical 

calculation and shown in Figure 2.20 (right). The peak maximum of the ligand shown at ~280 

nm and it is similar to that of the obtained from experimental UV-absorption analysis. In 

addition, we also calculated the energy gap of the ligand and Eu-complex from diffuse 

reflectance spectra (DRS) by using Kubelka-Munk function ( = F(R), equation 2.1) [60]. The 

energy gap from UV-absorption spectra of the ligand and the complex was shown in Figure 2.21. 
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Figure 2.20 UV-Vis absorption spectra of the Eu-complex and the ligand in chloroform solution 

(left), The theoretical UV spectra of the ligand obtained through DFT calculations (right). 

 

Figure 2.21 The UV-absorption spectra of the ligand and the complex in solid state (diffused 

reflectance spectra, DRS). 

Table 2.7 The UV-absorption and PL emission data of synthesized Eu
III

 complexes and ligands. 

S. 

No. 

Compound name UV max (abs) 

[nm]  

Solution (a) (b) 

    ex  (d) 

     [nm]  

  PL   em  (a)  

       [nm]  

FWHM     

 (a) [nm] 

1.  Eu(TTA)3Phen-Fl-

Ph                                                            

276, 296, 340 249, 322, 374 579, 592, 612, 652, 

702 

7.01 / 9.18(c) 

2.  Phen-Fl-Ph 243, 276, 308 252, 330, 370 400 / 419,442,540 (c) --.-- 

3.  Eu(TTA)3(H2O)2 273, 340 275, 340 580, 592, 612, 652, 

703 

--.-- 

[a] measured in chloroform solution at 298 K, [b] absorption peaks from the UV-absorption spectra, [c] 

emission from solid PL, [d] wavelengths are taken to get the emission of ligands and Eu
III

 complexes. 
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2.3.3.1.2 Photoluminescence Spectroscopy: 

Photoluminescence excitation and emission spectral analyses are very much necessary to 

understand the energy transfer process like fluorescence and phosphorescence emission in the 

presently studied ligand as well as the complex. In the present study, the PL excitation and 

emission of the ligand and the corresponding Eu
III

 complex in the solid phase, thin film phase 

and chloroform solution was executed. The excitation spectrum of the ligand is identical with the 

absorption spectrum of the ligand (Figure 2.20).  The emission spectrum shows blue emission 

under 330 nm excitation (Figure 2.22, left), whereas the solid phase of the ligand shows broad 

emission covering whole visible spectrum (white emission) (Figure 2.22, right, the inset shows 

the commission international de l'éclairage (CIE) color coordinates with value).  

   

Figure 2.22 The PL excitation and emission spectra of the ligand in chloroform solution (left) 

and solid phase, in inset shown respective CIE color coordinate (right). 

2.3.3.1.3 Solvatochromism: 

The solvatochromism is necessary to understand solvent-dependent emission of the 

ligand. The emission of the ligand was performed under different solvents such as toluene, 

dichlorobenzene (DCM), tetrahydrofuron (THF), acetone, ethylacetate (EtOAc), chloroform 

(CHCl3), methanol (MeOH), dimethylformamide (DMF), and dimethylsulphoxide (DMSO) and 

measured their stocks’ shift values. The obtained results of ligands (from emission spectra) 

interpreted in terms of Lippert-mataga equation. Based on the increasing the polarity of the 

solvent, there is a shift observed towards high wavelength and shown red / batho chromic shift. 

The obtained results and calculations are incorporated in the Table 2.S9. The following equations 

of Lippert−Mataga describes the solvatochromic Stokes shift ̅ (expressed in wavenumbers) as 

a function of the change of the dipole moment Δµge = µe – µg of the dye. The several solvents are 

performed by equation 2.11 and 2.12 with dissimilar dielectric constants (ε) and refractive 

indices (n) and by plotting ̅ as a function of Δf [61, 62]. 

̅ =  
2∆𝑓

4п𝜖0ℎ𝑐𝑎3
(µ𝑒 −  µ𝑔) + constant            ………….. 2.11 

𝑓(𝜖) =
𝑓(𝜖−1)

𝑓(2𝜖+1)
  and 𝑓(𝑛2) =

(𝑛2−1)

(2𝑛2+1)
            ...………… 2.12 
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̅ = ̅abs − ̅em is the solvatochromic shift (in cm
−1

) between the maxima of absorption and 

fluorescence emission [̅abs = 1/λabs (max), ̅em = 1/λem (max)], h is Planck’s constant, c is the 

velocity of light, ε0 is the permittivity of vacuum (signifies the radius of the cavity in which the 

solute resides), μe, μg are dipolemoments in the excited and ground states. Figure 2.23 indicating 

that the linear relationship [correlation coefficient r = 0.72] of the Stokes shift plotting ̅  verses 

Δf for the 9 solvents of the ligand.  

 
Figure 2.23 Stokes shift ̅ of Phen-Fl-Ph versus the Lippert solvent parameter Δf = f(ε) – f(n

2
) 

and the straight line represents the linear fit to the 9 data points. 

The emission maximum of the ligand is observed at ~400 nm (blue emission). The PL 

excitation and emission spectra of the ligand in different solvent were shown in Figure 2.24. 

Among all solvents, methanol solution was shown distinguished emission behavior and almost 

covering the entire visible region from 390 – 600 nm, further analysis is necessary to understand 

the same. One can argue that the present of O-H group in the solvent can make hydrogen 

bonding with ligand moieties that may lead to aggregation and shift as well as broaden the 

emission band towards the red region. However, in the case of solid also we have observed the 

similar trend (broad emission with peak splitting (419, 442 nm) in the blue region and maxima at 

540 nm under 370 nm as excitation source) (Figure 2.24, right). The covering of entire visible 

spectrum (blue, green and red) of ligand in solid state was shown extremely white emission with 

CIE color coordinates value x = 0.30, y = 0.33, respectively. In general, the emission bands of 

the ligands in the solid state appear obviously red-shifted, the observed red shift emission is 

attributed that the aggregation of ligands in the solid state. The CIE chromaticity coordinates of 

the ligand in different solvents was interpreted in Figure 2.25, left and respective CIE values are 

shown in Table 2.ST11.  

In addition, to understand further the ligand white emission, the PL emission spectrum in 

different excitation wavelength ranging from 300 - 400 nm was recorded. Increasing with the 

excitation wavelength, the emission maxima of the ligand was further shifted to the higher 

wavelength (from 530 to 548 nm) and resulting white to yellow emission (Figure 2.26, left). The 

emission spectra of the ligand in solid form and the respective CIE color coordinates were shown 

in Figure 2.26, right. Since the ligand shown tunable emission ranging from white to yellow 

(confirm CIE color coordinates Figure 2.24, right), it can find potential applications as 
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wavelength dependent sensor applications.  Thus, the observed white emission (covering the 

entire visible spectral window) from the ligand could utilize them in the light converting 

molecular devices such as white LEDs, OLEDs. The CIE color coordinates for the ligand in 

different excitation source from 300-400 nm are shown in Table 2.ST11. 

    
Figure 2.24 The PL excitation (left) and emission spectra (right) of the ligand in chloroform 

solution. 

         

Figure 2.25 The CIE color coordinates of PL emission spectra for the ligand in solution (left) 

and ligand as well as respective complex in chloroform solution and solid (right). 

It is also worth to note that the diphenyl factionalized Phen-Fl-Ph shows sky blue 

emission in the CIE color coordinates x = 0.16, y = 0.19 [38a]. Though numerous strong 

emissive organic chromophores or dyes in solution were documented, in most of the cases strong 

quenching of fluorescence occurs due to molecular aggregation and intermolecular interaction in 

the solid state [64].
 
Therefore, the currently synthesized white emissive neutral ligand in the solid 

state is very attractive and of prodigious significance in the display devices and other 

applications. White emission can be realized by the complimentary emission from the two 

similar or dissimilar organic chromophores (host-guest system). Nevertheless, mixing of similar 

or dissimilar emitting materials (largely distinct molecular structure) could cause micro-



Chapter 2 
 

69 

 

segregation that affects the device operation [65]. Hence, the design strategy one needs to restrict 

by functionalizing the main chromophoric -conjugated main framework that is capable of 

exhibiting multicolor emission [66]. 

        

Figure 2.26 The PL emission spectra of the ligand in different excitation source from 300-400 

nm in the solid phase (left) and their respective CIE color coordinates. 

The ligand coordinated Eu
III 

complex was excited with 375 (solution) and 360 nm (solid) 

and achieved red emission with sharp maxima at 612 nm in both the solution and solid form 

(Figure 2.25). The calculated CIE color coordinates for the ligand and the complex in solution 

and a solid phase in Figure 2.25, right; the corresponding CIE values are incorporated in Table 

2.ST12. This is attributed to the allowed electric dipole transition of 
5
D0→

7
F2. In the PL emission 

spectra there is no emission was observed in the region of 400 - 500 nm region (where the ligand 

emission can appear) and it clearly indicates that the complete energy transfer arising from 

ligand to Eu
III

 metal ion in the complex. In addition, it is also worth to note that the higher 

excited level emission also been quenched or deactivated to the higher first excited level of Eu
III

 

ion (
5
D0).  The deactivation of a Eu

III
 complex of the excited state of 

5
D0 to the ground states 

levels 
7
FJ (J=0−4) gives distinctive Eu

III
 emission bands at around 581, 593, 614, 654, and 702 

nm. The excitation spectrum was recorded by monitoring the 
5
D0-

7
F2 transition of Eu

III
 emission 

line (electric dipole transition, ED) and shown in Figure 2.27.  

In addition, minor peaks at 581, 593, 654, and 702 nm also been observed and are 

attributed to 
5
D0→

7
F0, D0→

7
F1, D0→

7
F3, and D0→

7
F4, respectively. The peak at 581 nm is 

induced magnetic dipole (MD) transition and it can only observe when the Eu
III

 ion presents in 

the Cn, Cnv and Cs symmetry in the structure [66, 67]. This transition is exactingly forbidden 

according to the standard Judd–Ofelt (J-O) theory. The intensity of the magnetic dipole transition 

(MD) at 593 nm is independent of Eu
III

 local site environment in the Eu
III

 complex. The intensity 

of this transition is considered to be constant and it is used to calibrate the intensity of Eu
III

 

luminescence spectra. The high intensive peak at 612 nm is a hypersensitive transition and its 

intensity strongly dependent on local environment around the Eu ion in the complex. This 

hypersensitive transition used as a measure of the asymmetry of the Eu
III

 site. The peak at 654 

nm is forbidden nature transition and 702 nm is intensity dependent on environment, but no 

hypersensitivity in the complex.  
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The PL spectra of the ligand and complex emission spectra in chloroform solution and 

combined emission of the complex in solution, solid are shown in Figure 2.S13. The calculated 

asymmetric ratio of the complex in solution and solid was shown 8.36 and 13.5, respectively. 

The intensity of the complex in solid showed better than the solution. However, the full width at 

half maximum of the complex in solution (7.01) found to be narrow emission than solid (9.18). 

The PL properties were tabulated in Table 2.7. The intensity ratio (intensities of 
5
D0-

7
F1 and 

5
D0-

7
F2) of the complex in CHCl3 solution and solid was shown 13.8 and 8.7, respectively.  

    

Figure 2.27 The PL excitation and emission spectra of the complex in chloroform solution (left) 

and solid phase (right). 

In addition, to understand the PL emission of the complex, (i.e) energy transfer from 

ligand to the Eu
III

 excited state of 
5
D0 level, we have calculated singlet and triplet energy level 

energies of the ligand by using DFT and TD-DFT calculations. Singlet and triplet energy levels 

are located at 28923 and 22623 cm
-1

, respectively (Figure 2.28, left). The optimized structure of 

the ligand molecule was also shown in Figure 2.28, right. Furthered, we also estimated and 

compared the calculated triplet energy of the ligand by measuring the phosphorescence emission 

spectra of the Gd
III

 complex at 77 K and found to be 20619 cm
-1

 (2.55 eV, 486 nm, Figure 

2.S14). The experimentally obtained values are nearly matching with the value obtained from 

theoretical calculations. It is well known that the TTA energy levels are located at 25164 

(singlet) and 18954 cm
-1 

(triplet). The Eu
III

 metal ion 
5
D0 level located at 17,500 cm

-1
 and other 

energy levels are also presented (
5
D3 (24,800 cm

−1
), 

5
D2 (21,500 cm

−1
), and 

5
D1 (19,100 cm

−1
), 

but the radiative transition can appear from the lowest energy level of the Eu
III

 metal ion (
5
D0). 

The obtained results are clearly indicating that the efficient energy transfer occurring from ligand 

excited state of triplet to the excited level of 
5
D0 of the Eu

III
 metal ion. It was clear that from the 

PL emission analysis of the complex. Furthered, it was also supported by the Leva et al., 

investigations (ΔE = E(T1) - E(
5
D0) is 2500 - 4000 cm

-1
; singlet above 25,000 (3.09 eV) and 

triplet above 20,000 cm
-1 

(2.47 eV)) [43]. It is indicating that there is no back energy transfer (no 

emission in the rage of 400 to 500 nm) from Eu
III

 excited levels (
5
D0 or 

5
D1 levels) to triplet level 

of ligand molecules. Based on the energy level location, one can argue that the energy transfer 

can occur from TTA triplet energy level to Eu
III

 metal ion. It means TTA can act as a transitional 

state between the singlet to triplet excited states of the ligand and triplet excited state to the 

excited 
5
D0 level of Eu

III
 ion, respectively.  
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Generally, to get the efficient energy transfer between donor and acceptor, an effective 

overlap between the emission spectrum of the donor as well as the absorption spectrum of the 

acceptor is highly necessary. Based on these criteria, we have experimentally found that the 

overlap of the absorption spectrum of TTA and the ligand emission spectrum in the region of 370 

– 450 nm and the same is shown in Figure 2.S14, right [45, 68]. The obtained results are showed 

that the synthesized ligand have potential to get efficient energy transfer and ligand calculated 

excited state energy levels are suitable for a Eu
III

 metal ion to get efficient red emission. The 

singlet state of the currently synthesized ligand has slightly less energy (~400 cm
-1

) as compared 

with that of different N1 functionalization such as phenyl, meta-trifluoro phenyl and para-

trifuoro phenyl. However, the triplet state of the ligands is not much influenced. These outcomes 

can suggest that the singlet level can transfer the energy efficiently then the different N1 

functionalization. Hence, the obtained QY of the complex reached from 1.83 (lowest) to 57.3 

(highest) % (detailed explained in the QY part). 

  
Figure 2.28 Schematic diagram for the energy transfer process from ligand to Eu

III
 ion in the 

Eu
III

 complex (left) and optimized structure of the ligand molecule (right). 

2.3.3.1.4 Poly methyl methacrylate (PMMA) film of ligand and Eu
III

 complex and 

Commission internationale de l'éclairage (CIE) Chromaticity coordinates: 

The synthesized bipolar ligand and complex has imbedded in PMMA film with a 

different ratio, to show the potentiality of the complex for molecular light converting devices. 

The excitation (Figure 2.29, left) and emission spectra (Figure 2.29, right) are shown in Figure 

2.26. The emission spectra of the ligand were shown in the region of blue in 0.1 to 5 % ratio. 

Their CIE color coordinates are shown x = 0.20, y = 0.18 (0.1 %), x = 0.20, y = 0.20 (0.5 %); x = 

0.20, y = 0.19 (1 %), and x = 0.20, y = 0.19 (5 %), respectively. However, in the case of the pure 

thin film of the ligand shown yellowish green emission and the CIE value is x = 0.30, y = 0.43. 

The ligand coordinated Eu
III

 complex shown red emission with CIE values are x = 0.66, y = 0.34 

(0.1 %), x = 0.66, y = 0.34 (0.5 %); x = 0.66, y = 0.34 (1 %), and x = 0.65, y = 0.34 (5 %), 

respectively. In addition, the calculated FWHM (nm) shown for complex is 11.4, 14.0, 14.0, 17.9 

nm and their intensity ratios are 3.49, 2.68, 3.19, 2.60 for 0.1, 0.5, 1, 5 %, respectively. 
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Increasing of FWHM was observed in the emission spectral lines, with increasing the 

concentration of the complex in the film. Compare to the solution and solid state emission, the 

asymmetric ratio of the thin film of the complex shown less and shown FWHM more. The CIE 

coordinates for the ligand and their corresponding complex in the different ration of 

concentration in the thin film shown in Figure 2.330. The ligand and corresponding Eu
III

 

complex CIE color coordinate values in the thin film are shown in Table 2.ST13. 

        
Figure 2.29 The PMMA doped thin films emission spectra for the ligand (left) and Eu

III
 complex 

(right) in different dopant concentration (onset respective digital images). 

      

Figure 2.30 CIE coordinates for the ligand (left) and their corresponding complex (right) 

in the different ration of concentration in thin film. 

2.3.3.1.5 Photoluminescence quantum yield: 

The absolute quantum yield of the ligand and Eu-complex were calculated in the form of 

a solution and solid. The absolute quantum efficiency (measured by integration sphere) of the 

complex as well as ligand was calculated by the following formulae, the quantum efficiency () 

can be obtained (by using equation 2.2 and 2.3). The absolute quantum efficiency of the complex 

was carried out in solution (chloroform) as well as solid and the obtained values are 35.8 and 

23.9 %, respectively. The calculated absolute QY of the ligand in solution (chloroform) and solid 
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are found to be 6.27 and 1.83 %, respectively. In addition, to understand the furthered ligand 

emission in different solution; it was analyzed in acetonitrile, dichloromethane, DMF, DMSO, 

EtOAc, THF and toluene and found to be 16.7, 12.7, 22.7, 23.2, 12.3, 23.2 and 10.3 %, 

respectively. It is very familiar that the PMMA can easily prepared polymer (outstanding optical 

quality) and cost effective. The QE of the complex by doping with PMMA also were calculated 

and found those to be 26.6 (0.1%), 57.3 (0.5%) and 43.5 (1%), respectively. The obtained thin 

film results are indicating that the reducing the quantum efficiency by doping with an excess of 

the complex with PMMA. So, the 1% doping of complex with PMMA is suitable to get the 

efficient energy transfer and it leads to highest QY of the complex. Decreasing of the QY with 

increasing the complex concentration in the thin film is expecting due to energy transfer between 

the Eu
III

 ions themselves through as a non-radiative process, instead of reach to the ground state 

(radiative transition). The highest QY found to be in the thin film as compared with a solution 

and solid state. It is known that the near location (matching) of the donor and acceptor energy 

levels leads to efficient energy transfer. Similarly, when the complex doped with PMMA; the 

PPMA matrix can reduce the collisional quenching of the ligand triplet state in the polymer 

matrix and the long chain of the PMMA as well as rigidity may lead to close the donor and 

acceptor in the Eu-complex through efficient inter molecular energy transfer.  

2.3.3.1.6 Judd-Ofelt (J–O) spectral parameters and PL Lifetime analysis: 

As mentioned in the previous section, the Judd-Ofelt (J-O) parameters [47-49] are one of 

the most important intensity constituents and it is calculated from the emission spectra which 

highlight the radiative properties of the Eu
III

 in the host matrixes. The transitions of Eu
III

 from 
5
D0 → 

7
FJ (J = 2, 4, and 6) are allowed according to the transition selection rules and in 

electronic-dipole nature.  However, the Ω6 intensity parameter was not determined, as the 
5
D0→

7
F6 emission in this system could not be detected and recorded (long range effects). Judd– 

Ofelt intensity parameters provide the necessary information regarding local structure and 

bonding in the vicinity of lanthanide ions in the structure. The intensity parameter, Ω2 (
5
D0→ 

7
F2) of the complex is more sensitive to the site symmetry and it reveals the covalent bonding 

environment between Eu
III

 ion and surrounding ligand moiety in the Eu-complex. It also states 

about the symmetry around the Eu
III

 ions, higher the value of Ω2 parameter higher the amount of 

asymmetry. The calculation of experimental intensity parameters ΩJ (J = 2 and 4) was done for 
5
D0 → 

7
F2 and 

5
D0 → 

7
F4 transition by keeping 

5
D0 → 

7
F1 as a reference. The relation between 

radiative emission rate and integrated emission intensity is given in equation 2.4: 

The electric dipole transition probability can be obtained from equation 2.4. The forced 

electric dipole transitions 
5
D0 → 

7
F2 and 

5
D0 → 

7
F4 as a function of Judd–Ofelt intensity 

parameter is formulated and given in equation 2.5. The 2 and 4 parameters for the complexes 

were calculated to be 1.40 and 0.25, respectively. Higher value of Ω2 parameter than that of Ω4 

indicates the probability of 
5
D0 →

7
F2 transition is indeed dominating. The large value of Ω2 for 

the Eu
III

 complex proposes an enriched covalency and strengthening of the Eu
3+

– O
2-

 bond with 

high energy and shorter bond length. The detail spectral intensity parameters are tabulated in 

Table 2.9. 

Decay curves of luminescence of the Eu
III

 complex 
5
D0 excited state were measured at 

298 K and under 360 nm excitation source (Figure 2.31). The lifetime of the complex and ligand 

was calculated in different solutions as well as in solid phase. The obtained decay values of the 

complexes were best fitted with the single exponential fitting and their ligands were fitted with bi 

exponential fitting. The single exponential task is given by the equation 𝐼(𝑡) = 𝐼0 +
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𝐴1 exp  (
−𝑡

𝜏
), where I0 = 0 is the offset value, A1 is the scalar quantity (observed from curve 

fitting), t is the time in ms/µs and τ is the decay time value for the exponential module. The 

calculated lifetime of the complex is 0.433 ms in solid. In addition, it was also calculated lifetime 

of the ligand in solid form with different excitation source from 300-420 nm (Figure 2.S15). In 

case of solution variations were observed lifetime followed in the trend as DMSO (0.62) > 

acetone (0.60) ≥ DCM (0.60) > toluene (0.57) > CHCl3 (0.55) > THF (0.48) > DMF (0.46) > 

solid (0.44 ms) at 360 nm. The calculated lifetime of the ligand was found to be higher in DMSO 

solution (2.66x10
-3 

ms).  

 
Figure 2.31 The lifetime of the Eu

III
 complex (left) and ligand (right) in different solvents and in 

the form of solid. 

Table 2.8 Calculated luminescence lifetimes (τobs) and intensity parameters of ligands and 

corresponding Eu
III

 complexes. 

S. 

No. 

Compound Lifetime ( in ms ) 

Solid Acetone CHCl3 DCM DMF DMSO THF Toluene 

1. Eu(TTA)3Phen-

Fl-Ph 

0.433 0.602 0.557 0.601 0.462 0.625 0.480 0.575 

2. Phen-Fl-Ph     

(10
-3

 ms) 
a
 

1.66 1.91 1.95 2.13 2.68 2.66 1.93 2.56 

a
bi-exponential fitting was followed. Luminescence intensity could be described by the sum of two 

exponential decay components from I(t) = 𝐴1exp(−
𝑡

1 
) + 𝐴2exp(−

𝑡

2 
), Here, 1 and 2 are short- 

and long-decay components, A1 and A2 are fitting constants. The average lifetime  is =(
𝐴11+

2  𝐴2 2
2

𝐴11 +  𝐴2 2 
).                

The calculated lifetime values are incorporated in the Table 2.8. As compared with the 

solid, lifetime of the solution is higher and also it is found to be higher in DMSO in both case of 

ligand and complex. It could be expected that the close packing of the molecules in the solid 

state leads to non-radiative relaxation via vibrionic coupling than that of the solution [50].
 

Commonly, the excited state lifetime of 
5
D0 (Eu

III
) level is usually comparatively long (μs to ms 

scale) [69, 70], and which is depends on energy transfer process and it can effect by high 

frequency vibrational oscillators such as O−H, N−H, and C−H. the obtained results are 

indicating that the vibrational oscillators frequency is less in DMSO and leads to high lifetime 
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value. In addition, it was analyzed lifetime of the thin film of the complexes in different ratio 

(0.1, 0.5, 1 and 5 %) and the observed lifetime is 0.65 (0.1 %), 0.64 (0.5 %), 0.60 (1 %) and 0.57 

(5 %), respectively. The observed decay analysis of the thin film of the complex indicates that 

the increasing the concentration of the Eu
III

 complex leads to decrease lifetime and it is also 

being reflected from the QY analysis of thin film. The obtained results were tabulated in the 

Table 2.10.  

The overall quantum yield (overall) of the Eu
III

 complex can be obtained by using 

equation 2.6. The overall is depends on the two factors such as first one is the efficiency with 

which the ligands transfer energy onto the Eu
III

 ion, sens, and the second is the intrinsic quantum 

yield (LN) [71-73].
 
The intrinsic quantum yield (Ln) of the Eu

3+
 ion calculated by using 

equation 2.7. The radiative lifetime (RAD) can be calculated by using equation 2.8. Assumption 

was made that the energy of the MD transition (
5
D0 → 

7
F1) and its oscillator strength are 

constant. Here, AMD,0 (14.65 s
-1

 ) represents the spontaneous emission probability of the 
5
D0 - 

7
F1 

transition (vacuo), n is the refractive index of the medium, ITOT/IMD is the ratio of the total area of 

the corrected Eu
III

 emission spectrum to the area of the 
5
D0 - 

7
F1 band and index of refraction 

equal to 1.5 (average) was taken in the calculation [74, 52a]. From the relative areas of the 
5
D0–

7
FJ emission transitions of Eu

III
 ion is used to predict the experimental branching ratio (β1-3). The 

efficiency of the energy transfer from the ligand levels to Eu
III

 ion can be predicated by the found 

intrinsic quantum yield (ΦLn) and energy transfer efficiency (sen). The calculated value of the 

complex indicates that the currently studied ancillary ligand is an efficient sensitizer for Eu
III

 ion 

in the presently synthesized complex. All the calculated parameters are tabulated in Table 2.9 

and Table 2.10.  

Table 2.9 Intensity ratio (I2/I1), J-O parameters (2 and 4) and their experimental branching 

ratios (β1-3) of the complex. 

S. 

No. 

Eu(TTA)3Phen-

Fl- Ph 

I2/I1 2  4 1 2 3 1 2 3 

(10
-20

 cm
2
) 

1.  Solid 8.36 1.40 0.25 0.559 5.324 0.415 9.69 83.27 70.29 

2.  Thin film, 0.1% 3.49 5.90 2.89 0.369 5.15 0.372 18.32 66.16 15.52 

3.  0.5 % 2.68 4.48 2.34 0.419 3.417 0.277 22.45 62.15 15.40 

4.  1 % 3.19 5.39 3.02 0.419 1.822 0.464 19.35 63.68 16.96 

5.  5 % 2.60 4.27 2.45 0.488 5.179 0.493 22.76 60.96 16.27 

Table 2.10 The Radiative (ARAD) and nonradiative (ANR) decay rates, 
5
D0 lifetime (tobs), intrinsic 

quantum yield (Ln), energy transfer efficiency (sen) and overall quantum yield (overall) for the 

complex. 

S. No. Eu(TTA)3Phen-Fl-

Ph 

ARAD 

(S
-1

) 

ANR 

(S
-1

) 
obs 

(ms) 

RAD 

(ms) 

Ln 

(%) 

Sen 

(%) 

Overall 

(%)  

1.  Solid 515.96 179 0.433 1.94 22.34 18.46 12.1 

2.  Thin film, 0.1% 180.61 125 0.653 3.66 17.87 15 26.6 

3.  0.5 % 222.71 132 0.643 4.49 14.32 25 57.3 

4.  1 % 258.29 139 0.606 3.87 15.65 35.97 43.5 

5.  5 % 219.67 153 0.573 4.55 12.59 --.-- --.-- 
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2.3.3.2 Electrochemical analysis: 

To comprehend the redox potentials of the ligand and the corresponding complex, we 

have measured cyclic voltammetry (CV) analysis. Since the redox potentials gives the LUMO 

and HOMO of the same, respectively. The obtained cyclic voltammetry data for the complex and 

the ligand was given in Figure 2.32. From the onset potential curves the HOMO and LUMO 

levels were calculated by using equation 2.9 and 2.10. As can be observed from the cyclic 

voltammogram, there has been a slight increase in the onset potential for oxidation and the vice 

versa for a reduction in case of the complex as compared to the ligand. This can be an indication 

towards the formation of the expected metal complex. The energy gap of the ligand (1.93 eV) 

found to be less as compared to that of the complex (2.36 eV). The obtained narrow band gap is 

suitable to get the red emission from the complex. The reasonable difference of the band gap of 

the ligand and complex from the cyclic voltammetry analysis and UV absorption analysis 

provoked as to repeat the experiment and found the same results which are incorporated in Table 

2.11.  

 
Figure 2.32 The cyclic voltammetry plot for the complex and the ligand. 

Table 2.11 Electrochemical properties of the ligands and respective Eu
III

-complexes.  

S. 

No. 

   Compound 

Name 
𝐕𝐨𝐥𝐭𝐚𝐠𝐞𝐨𝐧𝐬𝐞𝐭

𝐎𝐱𝐢  [V]     𝐕𝐨𝐥𝐭𝐚𝐠𝐞𝐨𝐧𝐬𝐞𝐭
𝐑𝐞𝐝  [V] 

  (EHOMO [eV])           ( ELUMO [eV])             

onset,   

  [nm] (a) 

Band gap/Energy 

gap   𝑬𝒈
𝑶𝒑𝒕

, [eV] (b) 

1.  Phen-Fl-Ph 1.066 (-5.46) -1.030 (-3.37) 536.7  2.31 (1.93) 

2.  Eu(TTA)3Phen

-Fl-Ph 

1.189 (-5.59) -1.169 (-3.23) 399.9  3.10 (2.36) 

𝐸𝑟𝑒𝑑
𝑜𝑛𝑠𝑒𝑡= the onset reduction potentials, 𝐸𝑂𝑥𝑑

𝑜𝑛𝑠𝑒𝑡= the onset oxidation potentials, Eg = band gap, Eg = 

ELUMO − EHOMO. (a) Calculated from the optical absorption (DRS spectra), (b) Calculated the onset 

wavelength of optical absorption (onset) in the solid-state film (DRS spectra). The energy differences 

(HOMO and LUMO) values calculated by cyclic voltammogram are mentioned in the bracket. 

2.3.3.3 Theoretical Calculations (Density functional theory (DFT) calculations): 

The theoretical calculations were made for the ligand and Frontier orbital (LUMO+1 to 

HOMO-1) were tabulated in Table 2.12. To cognize the phenomena with the help of theoretical 

calculation, the ligand was optimized first in the gas phase using DFT and Becke three parameter 
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Lee-Yang-Parr (B3LYP) form for exchange-correlation potential and 6-31G (d, p) basis set 

[75,76].
 
The structure was found to be in the minima of the potential energy surface as the 

normal mode of frequency is positive. Optimized ligand ground state electrons were excited 

vertically to obtain the excited energy levels. Subsequently, the UV−Vis spectral calculation was 

also performed by time dependent density functional theory (TD-DFT) with gas phase and 

solution. All the calculations were carried out using Gaussian09 W and Gauss View suite of 

programs. Computed vertical transitions and their oscillator strengths as well as respective 

configurations were incorporated in Table 2.13. The electron density of HOMO of the ligand was 

located on the phenanthroimidazole moiety and LUMO was located on Fluorene moiety.  

Table 2.12 The HOMO-LUMO and HOMO-1, LUMO+1 energy levels of the ligand.  

 Phen-Fl-Ph  

HOMO 

  

HOMO-1  

LUMO 

  

LUMO+1 

Table 2.13 Computed vertical transitions and their oscillator strengths and configurations
a 

Compound 

Phen-Fl-Ph 

State Energy 

(eV) 

λmax nm  Configuration 

Singlet Gas 3.4889 355.53 0.0160 HOMO  LUMO (69.8%) 

  3.8878 318.91 0.2960 HOMO-1  LUMO+1 (13.43%) 

HOMO  LUMO+1 (38.58%) 

HOMO  LUMO+2 (53.51%) 

     

  4.2602 291.03 0.2113 HOMO-2  LUMO (18.93%) 

HOMO-1  LUMO (64.40%) 

HOMO  LUMO+4 (14.6%) 

     

  4.3907 282.3 0.3529 HOMO-2  LUMO (50.35%) 

 DCM 3.586 345.75 0.0736 HOMO  LUMO (66.76%) 

  3.8055 325.80 0.2664 HOMO-2  LUMO (16.7%) 

HOMO  LUMO (16.10%) 

HOMO  LUMO+1 (65.64%) 

     

  4.0891 303.21 0.1272 HOMO-4  LUMO (11.98%) 

HOMO  LUMO+3 (45.69%) 
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  4.1643 297.73 0.2887 HOMO-4  LUMO (19.33%) 

HOMO-1  LUMO+1 (56.42%) 

HOMO  LUMO+3 (30.41%) 

  4.4051 281.45 0.5844 HOMO-4  LUMO+1 (15.43%) 

     HOMO-2  LUMO+1 (17.73%) 

HOMO-1 LUMO+2 (61.77%)  

Triplet Gas  2.4679 447.94 - HOMO-6  LUMO+4 (10.88%) 

HOMO-1  LUMO+2 (13.91%)  

HOMO  LUMO (22.10%) 

HOMO LUMO+1 (45.96%) 

HOMO LUMO+2 (36.73%) 

 DCM 2.8055 441.93 - HOMO-2  LUMO (17.89%) 

HOMO  LUMO (31.14%) 

HOMO  LUMO+1 (50.67%) 
a
Orbital contributions below 10% are omitted. 

2.3.3.4 Fabrication of LED with Ligand and Eu complex: 

The ligand and the complex were conjugated with the LED, InGaN-based LED 

chip (395 nm, near UV light) in a different ratio of the ligand/complex to do the realistic 

application and obtained emission spectrum with 20 mA as a forward bias is shown in 

Figure 2.33. The ligand was shown in solution form as well as the thin film as blue 

emission and solid shown almost white emission. However, ligand with LED was shown 

blueish green (x = 0.26, y = 0.36; 1-10) and sky blue (x = 0.20, 0.29; 1-50) emission, 

respectively. The Eu
III

 complex conjugated LED was shown red emission with CIE are x 

= 0.65, y = 0.34 (1-10) and x = 0.66, y = 0.34, respectively.  

   

Figure 2.33 The spectra’s of ligand and complex coated on the 395 nm emitted LED chip at 20 

mA forward bias in 1-10 and 1-50 ratio. Left: the ligand emission and shown in onset emission 

of a ligand for clarity.  Right: Eu
III

 complex emission. In inset a is the original 395 nm emitted 

LED chip, aa is under forward bias. b (1:10), c (1:50) is coated with L/Eu
III

 complex and bb is 

with a forward bias, respectively. 
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The CIE color coordinates of the ligand and the corresponding complex were shown in 

Figure 2.34, left. The calculated outcomes were satisfactory values of NTSC standards (x = 0.66, 

y = 0.33) for red emission. The excitation source from LED was mostly utilized by complex for 

1-10 ratios. 

          

Figure 2.34 The CIE spectra of ligand and complex coated on the 395 nm emitted LED chip at 

20 mA forward bias in 1-10 and 1-50 ratio (left) and CIE of mixing of different ratio of Eu
III

 

complex and ligand. 

However, the complex was shown red emission and indicating that the synthesized 

complex is potential red materials. To explain the LED emission from the ligand and Eu
III

 

complex as well as to get the white light LED emission, efforts have been made to 

conjugate the mixing of Eu
III

 complex and ligand in different ratios (Figure 2.35). Since, 

the emission of the ligand is overlapped with the excitation lines of Eu
III

 ion which could 

help to excite the Eu
III

 ions by resonance energy transfer (host-guest or sensitizer acceptor 

concept).  

 

Figure 2.35 The emission of the LED conjugated with Eu
III

 complex and ligand mixing in 

different ratio. 
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The excited energy of the ligand triplet level can feed efficiently to the Eu excited levels. 

The ratio of the complex and ligand with 1: 9 was shown white light emission with 

corresponding CIE color coordinate is x = 0.34, y = 0.32. The CIE of the remained ratio of the 

complex and ligand were incorporated in the Figure 2.32, right. 

2.4 Summary and conclusion: 

The designed ancillary ligands were synthesized and two of them structurally 

characterized. Their corresponding Eu-complexes were also been synthesized successfully and 

studied their photophysical properties syatamatically. The excited energy of the ligand is fully 

transferring to the Eu-metal ion in the complexes, 1Eu, 2Eu, and 3Eu confirmed from the PL 

emission analysis. However, fluorene integrated with phenthroimazolde show white light 

emission and the corresponding mono nuclear Eu
III

 complex tris-β-diketones shown red 

emission.  The QY of the complex, 2Eu was shown higher value (39.4 %) indicating that the 

presence of m-CF3 leads to improve the efficiency and Eu(TTA)3Phen-pCF3-Ph showed 78.7 % 

(thin film). The analysis from the InGaN-based LED (395 nm) also supported the same. The 

consumption of the emission from the source is higher in m-CF3 connected complex than 

remained complexes. The calculated CIE color coordinates for the complexes are shown bright 

red emission in solution, solid, thin film, and LEDs. These are indicating that the fluorine 

moieties could reduce the non-radiative transition and leads to enhancement in the red emission. 

The white emissive fluorene based ligand combined with near UV LED show yellowish green 

emission with CIE color coordinates of x = 0.26, y = 0.36 (1-10) and sky blue, x = 0.20, y = 0.29 

(1-50), whereas the Eu complex integrated with near UV LED show red color emission with CIE 

color coordinates of x = 0.66, y = 0.34, respectively. White emission from LED was obtained 

from the mixing of ligand and the complex (host guest system) combined with near UV LED.  

This work demonstrates that the potential usage of the ligand and the complex can give 

complement color to produce white emission. The prominent results are indicating that the 

synthesized complexes are efficient and applications to novel organic Eu
III

 devices, like organic 

liquid lasers, plastic lasers, and optical fibers. 
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Chapter 3 

Design and synthesis of new bipolar ligands based on phenanthroimidazole 

for tunable emissive EuIII
 complexes: combined experimental and theoretical 

study 

Abstract 

A new class of bipolar phenanthroimidazole based (N1 functionalization with Ph, mCF3, 

pCF3 and Fl) ligands and their efficient -diketonate Eu
III

 complexes have been designed, 

synthesized, characterized successfully and their photophysical, electrochemical properties have 

also been investigated. All the ligands and complexes show similar UV-Visible absorption 

behaviour ( - *, at ~270, ~360 nm). Photoluminescence emission spectra of Eu-complexes and 

its ligands were carried out in solution form as well as in solid and thin film. The PL study 

indicates that the Eu-complex emits tunable emission due to incomplete/partial energy transfer 

(white (solution), red (solid)), whereas fluorene decorated Eu-complex shows narrow band red 

emission with appropriate CIE color gamut. The obtained PL emission clearly indicates that the 

efficient energy transfer encountered in case of fluorene based complex. The energy transfer 

mechanism for all the Eu-complexes was proposed based on combined experimental and 

theoretical study (DFT, TD-DFT). The PL lifetime of the Eu
III

 complexes also supports the PL 

emission behaviour. The Judd–Ofelt spectral intensity parameters, electrochemical study and 

absolute QY (mCF3 based Eu-complex shows better QY of 75.9 %) of the Eu-complexes were 

also been investigated. White and red LED was fabricated using these complexes with near UV 

InGaN based LEDs (395 nm). 

 

Keywords: Eu
III

 ion; white emission; Fluorene; Energy transfer 
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3.1 Introduction: 

Light emitting lanthanide (Ln) based molecular complexes are considered as a new class 

of EL molecular materials for phosphorescent based OLED devices due to their line like 

emission characteristics and other eminent properties like large Stokes shifts, long luminescence 

lifetime as well as phosphorescent emission [1, 2]. The Ln emission arises specifically from the 

4f - 4f electronic transition. In organo-Ln complexes the excitation energy of the ligand 

(antenna) is efficiently transferred to the central metal ion via triplet state of ligand and produce 

different emission colors. Among all the Ln ions, europium (Eu) based complexes have gained 

considerable attention to generate efficient red emitters [3, 4]. The Eu
III

 ion excited states cannot 

be directly populated efficiently as it violates both spin and Laporte selection rule (forbidden 

transition). Thus, the oscillator strength of the absorption band is very weak and restricted for 

practical applications. Hence, the Eu excitation levels need to be indirectly populated via ligand 

absorption that can populate the Eu excited state manifold by energy transfer (ET). In general, 

the electrically excited electrons are produce 25% singlet and 75% triplet state excitons and it is 

well documented. Hence, the efficiency is limited to 25% (singlet) according to spin statistics 

and it means that only the singlet excitons can recombine to produce light. However, there is a 

possibility of harvesting both singlet and triplet state excitons to ground state by the introduction 

of heavy metal ions and the theoretical internal quantum efficiency can be expected to reach up 

to 100% [5]. The presence of Ln metal ion facilitates the energy transfer from the singlet to 

triplet states through inter system crossing (ISC) and subsequently the emission arises from the 

4f- levels of Ln ions. The sharp emission bands of Ln ions are suitable for full color displays. 

Nevertheless, in terms of practical applications the performance of Ln-ions is still unsatisfactory. 
 

Most of the devices are unable to produce efficient characteristic red emission due to 

inefficient energy transfer from ligand to central Eu
III

 metal ion, as well as poor carrier (hole / 

electron) transporting properties in the device. In addition, the matrix vibration through 

nonradiative pathways leads to luminescence quenching and subsequent decrease in quantum 

efficiency (QE)
 
[6, 7]. In accordance with the energy band gap law, generating efficient red 

emitters is intrinsically more difficult [8]. For the period of the device operation, phase 

separation occurs between the host and guest by usual doping methods. To avoid such problems, 

an alternative method has been proposed that the charge transporting groups could be linked to 

the Ln complexes by covalent bonding [9, 10]. Most of the holes transporting materials reported 

are derived from aromatic amines (arylamine units)
 
[11, 12]. The aryl amine moieties are 

attached to the emissive materials and the same is expected to improve the hole 

injection/transporting properties of the emissive materials. Eu
III

 complexes with triphenylamine 

(TPA)/carbazole (CBZ) as a hole transporting, phenanthroline (Phen) as an electron transporting 

and Dibenzoylmethane (DBM) as an antenna fragments have been documented [13, 14]. 

However, focused research is still necessary in proactive design of Ln complexes, in order to 

improve the quantum efficiency of the Ln complex as well as the color purity. Further, it is also 

essential to understand the energy transfer between singlet (
1
ππ*) and triplet (

3
ππ*) energy levels 

of ligand and subsequent triplet (π-π*) to 
5
D0 level energy transfer to get characteristic red 

emission from Eu
III

 metal ion. Since, the ligand excited levels were responsible for red or white 

emission (complete or partial energy transfer). Numerous researches were executed to obtain 

single white light emissive organometallic complex to use in smart displays [15, 16].  However, 

lanthanide based single molecular white emission complexes scarcely reported [17-19] and 

research on design of organic chromophore that can facilitate partial energy transfer in the Eu 

complexes is fascinating.  
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3.2 TPA functionalized new bipolar ligands for white emissive Eu
III

 complex: 

3.2.1 Outline of the present study: 

The Previous chapter, the synthesized Eu-complexes with phenyl-

phenanthroimidazole (N
1
 functionalization with Ph, mCF3, pCF3, Fl) ancillary ligands 

show efficient energy transfer from ligand to Eu
III

 ion. In the current study, electron rich 

and capable of hole transporting diphenylamine moiety was introduced phenyl-

phenanthroimidazole (N1 functionalization with Ph, phenyl ring with mCF3, pCF3, Fl) 

ligand backbone and use the same to make ternary Eu-complexes. In the current 

discussion was made in two parts and first session / part explaining the N1- 

functionalization with Ph, mCF3, pCF3 and second session / part explained polyaromatic 

moiety such as fluorene was introduced in the N1 positon of phenanthroimidazole and 

used to synthesis corresponding Eu-complex.   

The designed and synthesized three new bipolar ligands, named as Phen-Ph-TPA 

(1L, N,N-diphenyl-4-(1-phenyl-1H-imidazo[4,5-f][1,10]phenanthrolin-2-

yl)benzenamine), Phen-mCF3-TPA (2L, 4-(1-(3-(trifluoromethyl)phenyl)-1H-

imidazo[4,5-f][1,10]phenanthrolin-2-yl)-N,N-diphenylbenzenamine) and Phen-pCF3-TPA 

(3L, 4-(1-(4-(trifluoromethyl)phenyl)-1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl)-N,N-

diphenylbenzenamine) and their corresponding complexes are Eu(TTA)3Phen-Ph-TPA 

(1Eu), Eu(TTA)3Phen-mCF3-TPA (2Eu), Eu(TTA)3Phen-pCF3-TPA (3Eu) and 

respectively. As mentioned in the previous chapter that the fluorination on the ligand can 

induce the energy level modulation (used to match the lanthanide emissive levels) and 

reduce the non-radiative energy migration (help to enhance the internal quantum 

efficiency). The synthesized bipolar ligand and its corresponding Eu
III

 complex structures 

are represented in Figure 3.1.  
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Figure 3.1 Designed structures of Eu-complexes. 

 

 



Chapter 3 
 

88 

 

3.2.2 Experimental section: 

3.2.2.1 General information for synthesis: 

The details of starting materials for the synthesis and electrolyte materials used in 

the CV were included in the previous Chapter 2. (2.2.2, Experimental section). 

Diphenylamine (DPA) was purchased from the Sigma-Aldrich. 

3.2.2.2 Measurements: 

The detailed characterization techniques that are used for the characterization of 

ligands and respective complexes were mentioned in the previous Chapter 2 (2.2.2, 

Experimental section). DSC-TGA (thermal decomposition) was performed by using 

Netzsch, Germany, STA449C/4/MFC/G. 

3.2.2.3 Synthesis:  

The compounds aldehyde [20], and 1,10-phenanthroline-5,6-dione [21], were 

synthesized by reported literatures. The metal complex tris(thenoyltrifluoroacetone) 

europium(III) (Eu(tta)3(H2O)2) was synthesized by using the well-known method, the 

details are given in the previous chapter (synthesis 2.2.2.5). The synthetic scheme of the 

ligands and complexes were shown in Scheme 3.1.  
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THF
Ligand
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N

N N

N
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R1 = H,     R2 = CF3 (1-1)
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R1 = H,     R2 = H     (1-3)

NH2

R2

R1

R2

R1 = H,     R2 = CF3 (1L)
R1 = CF3, R2 = H     (2L)
R1 = H,     R2 = H     (3L)

Ligand

R1 = H,     R2 = CF3 Eu(TTA)3Phen-mCF3-TPA

R1 = CF3, R2 = H     Eu(TTA)3Phen-pCF3-TPA

R1 = H,     R2 = H     Eu(TTA)3Phen-Ph-TPA  
Scheme 3.1 Synthetic route of CBZ attached triphenyl functionalized ligand and the 

corresponding  diketonate Eu
III

 ternary complex. 
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3.2.2.3.1 Synthesis of N,N-diphenyl-4-(1-phenyl-1H-imidazo[4,5-f][1,10]phenanthrolin-2-

yl)benzenamine) (1l, Phen-Ph-TPA):   

The similar synthetic procedure was already discussed in the Chapter 2 (synthesis 2.2.2.5) 

procedure was followed for the synthesis of Phen-Ph-TPA and get the 1.33 g compound 2L 

(52.0 %) solid. 
1
H-NMR Data (400 MHz, CDCl3): δ (ppm): 9.19 (dd, J = 2 Hz, J = 2 Hz,1H), 

9.15 (dd, J = 2 Hz, J = 2 Hz, 1H), 9.04 (dd, J = 1.6 Hz, J = 1.5 Hz, 1H), 7.67 (m, 1H), 7.57 (m, 

3H), 7.45 (d, J = 2 Hz, 2H), 7.42 (m, 3H), 7.28 (m, 5H), 7.04 (m, 6H), 6.8 (d, J = 6.8 Hz, 2H).
 

13
C-NMR Data (CDCl3, 100 MHz): δ (ppm) 151.6, 148.4, 148.3, 147.2, 146.5, 144.2, 143.8, 

137.7, 135.6, 130.0, 129.8, 129.4, 128.8, 128.3, 127.3, 126.2, 124.7, 123.4, 123.2, 122.9, 122.1, 

121.5, 121.1, 119.3. Elemental Analysis: Anal. Calc. for. C37H25N5; C, 82.35; H, 4.67; N, 

12.98 %, Found: C, 82.30; H, 4.61; N, 12.99%. EI-MS: m/z exp (calc). 539.63 m/z found 541.33 

[M + H]
+
. FT-IR (KBr,  in cm

-1
): 3419, 3055, 3034, 1589, 1525, 1491, 1465, 1442, 1391, 1378, 

1313, 1290, 1281, 1191, 1181, 1151, 1120, 1073, 1063, 1031, 975, 933, 900, 858, 838, 831, 812, 

799, 782, 760, 744, 698, 670, 638, 618. 

3.2.2.3.2 Synthesis of  (4-(1-(3-(trifluoromethyl)phenyl)-1H imidazo[4,5f][1,10] 

phenanthroline-2-yl)-n,n-diphenylbenzenamine (2L, Phen-mCF3-TPA):  

The above mentioned (2.2.2.5) procedure was followed for the synthesis of Phen-

MCF3-TPA. After minimum amount of THF solution and an excess of hexane solvent, the 

pale yellow color solid was formed. After settled of solid, decant and repeated this 

process three more times and get 1.54 g compound 1L (55.0 %) solid. 
1
H-NMR Data (400 

MHz, CDCl3): δ (ppm): 9.19 (dd, J = 1.2 Hz, 1H), 9.12 (dd, J = 1.6 Hz, J = 1.2 Hz, 1H), 

9.05 (dd, J = 1.6 Hz, J = 1.2 Hz, 1H), 7.95 (d, J = 4 Hz, 1H), 7.79 (m, 4H), 7.39 (dd, J 

=1.6 Hz, J =1.6 Hz, 1H), 7.30 (m, 7H), 7.08 (m, 6H), 6.97 (d, J = 8.8 Hz, 2H). 
13

C-NMR 

Data (CDCl3, 100 MHz): δ (ppm): 151.8, 148.6, 147.4, 146.4, 144.2, 144.7, 138.3, 135.9, 

132.7, 132.3, 131.9, 130.6, 130.1, 129.6, 128.9, 126.9, 126.4, 126.4, 125.7, 125.5, 125.4, 

124.7, 123.3, 123.2, 123.1, 121.6, 121.3, 121.2, 118.9. Elemental Analysis: Anal. Calc. 

for. C38H24F3N5; C, 75.11; H, 3.98; N, 11.53%, Found: C, 75.06; H, 3.95; N, 11.56 %. EI-

MS: m/z exp (calc). 607.63, m/z found 608.36 [M + H]
+
. FT-IR (KBr,  in cm

-1
): 3421, 

3012, 1592, 1490, 1467, 1451, 1388, 1377, 1327, 1298, 1280, 1176, 1129, 1073, 1031, 

897, 842, 807, 756, 736, 721, 693, 618. 

3.2.2.3.3 Synthesis of 4-(1-(4-(trifluoromethyl)phenyl)-1H-imidazo[4,5-f][1,10] 

phenanthroline-2-yl)-n,n-diphenylbenzenamine) (3L, Phen-pCF3-TPA):   

The similar synthetic procedure was already discussed in the Chapter 2 (2.2.2.5) 

procedure was followed for the synthesis of Phen-pCF3-TPA and get the 1.51 g compound 2L 

(54.0 %) solid. 
1
H-NMR Data (400 MHz, CDCl3): δ (ppm): 9.21 (dd, J = 2 Hz, J = 1.6 Hz, 1H), 

9.46 (dd, J = 1.6 Hz, J = 2 Hz, 1H), 9.07 (dd, J = 1.6 Hz, J  = 1.6 Hz, 1H), 7.94 (d, J = 8.4 Hz, 

2H), 7.45 (m, 3H), 7.34 (m, 8H), 7.05 (m, 6H), 6.96 (d, J = 2 Hz, 2H). 
13

C-NMR Data (CDCl3, 

100 MHz): δ (ppm): 151.7, 149.8, 148.6, 148.6, 147.4, 146.3, 144.3, 143.8, 140.9, 136.0, 130.1, 

129.5, 129.0, 128.9, 127.1, 127.1, 127.0, 125.9, 124.8, 123.4, 123.3, 123.1, 122.5, 121.7, 121.3, 

121.9, 118.9. Elemental Analysis: Anal. Calc. for. C38H24F3N5; C, 75.11; H, 3.98; N, 11.53 %, 

Found: C, 75.05; H, 3.92; N, 11.58 %. EI-MS: m/z exp (calc). 607.63, m/z found 609.35 [M + 
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H]
+
. FT-IR (KBr,  in cm

-1
): 3449, 3319, 3059, 3040, 1591, 1514, 1491, 1468, 1441, 1417, 1379, 

1321, 1294, 1271, 1166, 1132, 1120, 1066, 1058, 1028, 977, 881, 836, 807, 757, 738, 618.  

3.2.2.3.4 Synthesis of Eu(TTA)3Phen-Ph-TPA:  

The similar synthetic procedure was already discussed in the Chapter 2 (2.2.2.5) 

procedure was followed for the synthesis of Eu(TTA)3Phen-Ph-TPA. The obtained 

product was dissolved in minimum amount of THF and added an excess of hexane to get 

a solid product (repeated several times) and get pale yellow color solid with 120 mg (50.0 

%). Elemental Analysis: Anal. Calc. for. C61H37EuF9N5O6S3; C, 54.07; H, 2.75; N, 5.17; 

S, 7.10 %; Found: C, 53.98; H, 2.70; N, 5.20; S, 7.05 %. EI-MS: m/z exp (calc). 1355.12, 

m/z found 1354.62 [M - H]
+
. FT-IR (KBr,  in cm

-1
): 3406, 3088, 2955, 2927, 2870, 

1598, 1537, 1509, 1494, 1469, 1447, 1411, 1349, 1306, 1244, 1230, 1187, 1140, 1061, 

934, 858, 840, 786, 721, 695, 637. 

3.2.2.3.5 Synthesis of Eu(TTA)3Phen-mCF3-TPA:   

The similar synthetic procedure was already discussed in the Chapter 2 (2.2.2.5) 

procedure was followed for the synthesis of Eu(TTA)3Phen-mCF3-TPA. The obtained 

product was dissolved in minimum amount of THF and added an excess of hexane to get 

a solid product (repeated several times) and get pale yellow color solid with 713 mg (60.1 

%). Elemental Analysis: Anal. Calc. for. C62H36EuF12N5O6S3; C, 52.33; H, 2.55; N, 4.92; 

S, 6.76 %; Found: C, 52.30; H, 2.51; N, 4.98; S, 6.79 %. EI-MS: m/z exp (calc). 1423.12, 

m/z found 1444.53 [M + Na]
+
. FT-IR (KBr,  in cm

-1
): 3419, 3092, 1693, 1598, 1537, 

1511, 1493, 1445, 1413, 1329, 1303, 1190, 1193, 1066, 931, 837, 808, 786, 720, 698, 

640. 

3.2.2.3.6 Synthesis of Eu(TTA)3Phen-pCF3-TPA:  

The similar synthetic procedure was already discussed in the Chapter 2 (2.2.2.5) 

procedure was followed for the synthesis of Eu(TTA)3Phen-pCF3-TPA. The obtained 

product was dissolved in minimum amount of THF and added an excess of hexane to get 

a solid product (repeated several times) and get pale yellow color solid with 689 mg (58.0 

%). Elemental Analysis: Anal. Calc. for. C62H36EuF12N5O6S3; C, 52.33, H, 2.55; N, 4.92; 

S, 6.76 %; Found: C, 52.29; H, 2.51; N, 4.95; S, 6.79 %. EI-MS: m/z exp (calc). 1423.12, 

m/z found 1422.51 [M - H]
+
. FT-IR (KBr,  in cm

-1
): 3441, 2926, 1691, 1606, 1536, 

1470, 1444, 1411, 1322, 1307, 1248, 1230, 1193, 1138, 1064, 1402, 983, 957, 935, 861, 

839, 787, 758, 735, 721, 690, 676, 639. 

3.2.3 Results and Discussion: 

3.2.3.1 Characterization of the complex:  

The synthesis method for Eu
III

 complex is summarized in Scheme 3.1. The 

compounds are characterized by nuclear magnetic resonance spectroscopy (
1
H, 

13
C and 

19
F NMR, Figure 3.S1 – 3.S10), Fourier transforms infrared spectroscopy (FT-IR) Mass 

(Figure 3.S11 - 3.S13) and elemental analysis. All the measurements were done at room 

temperature.  
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3.2.3.1.1 FT-Infrared spectroscopy: 

The FT-IR of synthesized ligands and their corresponding Eu
III

 complexes was 

measured in the range of 500 - 4000 cm
-1

 at room temperature and shown in Figure 3.2. 

The strong carbonyl (C=O) stretching frequency of the Eu(TTA)3(H2O)2 complex shown 

at 1610 cm
-1

, whereas the same peak for the 1Eu, 2Eu and 3Eu complexes, shown at 

1598, 1693 and 1691 cm
-1

. The peak carbonyl (C=O) stretching frequency shifted in the 

complex indicates that the β-diketonate (Eu(TTA)3(H2O)2) compound coordinated with 

the neutral ligand. In addition, the vibration frequency due to C=N appears at ~1593 cm
-1

 

for free ligands 1L, 2L and 3L, respectively. All the above strategies are suggesting that 

the Eu
III

 metal ion was coordinated with neutral ligands. 

 
Figure 3.2 The FT-IR analysis of the ligands and their respective complexes. 

3.2.3.2 Photophysical properties: 

3.2.3.2.1 UV-Visible absorption and DRS studies: 

The UV-Visible absorption spectra of the synthesized ligands (1L, 2L and 3L) and 

their respective complexes were characterized in solution (chloroform solution conc. 1.0 

× 10
-4

 mol L
-1

) and solid (Figure 3.3). The UV absorption of the ligands was shown at 

~245, ~263, ~289 and ~360 nm. In case of complexes were shown at ~242, ~260, ~290 

and ~350 nm. The observed peaks at ~260 and ~350 nm are attributed to the π→π* 

transitions of aromatic moieties present in the ligand. In addition, it was also analysed by 

theoretically (gas and solvent phase) and the results are supporting the experimental 

findings (Figure 3.4 left). The peak maxima of the Eu(TTA)3(H2O)2 shown at 275, 340 

nm, which are reflecting in the Eu-complexes (1Eu, 2Eu and 3Eu). These observations are 

indicating that the Eu-complex was coordinated with the Eu(TTA)3. The absorption 

analysis was interpreted in Table 3.1. The band gaps for all the ligands as well as their 

corresponding Eu-complexes (Table 3.4) were calculated by using the DRS with the help 

of kubelka-munk function (Figure 3.4, right) [22, 23]. The obtained data from the DRS 

was converted to Kubelka-Munk function and α is substituted with F(R∞) (α = F(R∞)) and 

the equation 2.1 is used for energy gap calculation (Table 3.5). 
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Figure 3.3 The UV-Vis absorption spectra of ligands (left) and respective Eu(TTA)3Phen-

mCF3/p-CF3/Ph-TPA (right) in chloroform solution. 

   
Figure 3.4 The UV-Vis absorption spectra of ligands (left) by theoretical and energy gap of the 

ligands and complexes by DRS (right). 

 3.2.3.2.2 Photoluminescence (PL) and Solvatochromism studies: 

The PL emission spectra of the Eu-complexes and their ligands were measured in 

solution and solid phase. The ligand, 1L, 2L and 3L was shown emission at 435, 432 and 

435 nm, in solution under 389, 366 and 389 nm excitation, respectively (Figure 3.5, left). 

In case of solid showed peak maxima at 453, 509 and 469 nm under 398, 386 and 394 nm 

excitation, respectively. The PL emission of the ligands was shown in the region of the 

blue in solution. However, in case of solid state the emission was shifted towards higher 

wavelength (red shift) with broadening of band. The observed red shift in solid state 

(Figure 3.5, right) is expected because of well-known phenomena aggregation [24, 25]. 

Further in order to understand the polarity dependent ligand emission in the solution, the 

emission spectrum was recorded for all the 1L, 2L and 3L ligands in different solvents, 

such as acetone, acetonitrile (ACN), chloroform (CHCl3), dichloromethane (DCM), 

dimethylformamide (DMF), dimethyl sulfoxide (DMSO), ethyl acetate (EtOAc), 

methanol (MeOH), tetrahydrofuran (THF) and toluene (Figure 3.6-3.8).  
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Figure 3.5 The PL excitation and emission spectra of the ligands, 1L, 2L and 3L in 

chloroform (left) and solid (right). 

  
Figure 3.6 The PL excitation (left) and emission (right) spectra of the ligand (3L) in different 

solvents. 

   
Figure 3.7 The PL excitation (left) and emission (right) spectra of the ligand (1L) in different 

solvents. 
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Table 3.1 The UV-absorption and PL emission data of synthesized ligands as well as Eu
III

 

complexes. 

S. 

No. 

Compound name UV max (abs) [nm] 

Solution (a)(b) 

PL  ex  (a)/(d)     

[nm] 

PL   em  

(a)/(e) [nm] 

I2/I1 

ratio 

FW

HM 

1.  Eu(TTA)3Phen-

Ph-TPA                                                          

242, 268, 290, 346 330, 366/ 348, 

376, 421 

579, 592, 

612, 652, 701 

16.9/

17.79 

3.33/ 

5.13 

2.  Eu(TTA)3Phen-

mCF3-TPA 

243, 261, 291, 352 324, 380/ 349, 

376, 406 

580, 591, 

612, 651, 702 

10.5/

16.73 

4.16/ 

8.77 

3.  Eu(TTA)3Phen-

pCF3-TPA 

244, 268, 289, 353 318, 400/ 348, 414 581, 592, 

612, 655, 701 

12.6/

9.11 

6.16/ 

5.44 

4.  Phen-Ph-TPA 243, 263, 289, 357 276, 322, 389/ 398 435/453 NA NA 

5.  Phen-mCF3-TPA 243, 263, 289, 360 274, 335, 366/ 386 432/509 NA NA 

6.  Phen-pCF3-TPA 245, 263, 288, 360 274, 324, 389/ 394 435/469 NA NA 

7.  Eu(TTA)3 (H2O)2 273, 340  

--.-- 

580, 592, 

612, 652,703 

  

[a] measured in CHCl3 solution at 298 K, [b] from the UV-absorption spectra, [c] from solid PL, [d] 

PL excitation spectra of ligands and Eu
III

 complexes, [e] The PL emission in solid. 

The ligands showed emission in the region of 424-518 nm, the peak maxima is highly 

dependent on the solvents that are used. The trend followed as ACN (518) > DMSO (501) > 

DMF (489) > acetone (479) > DCM (463) > THF (457) > MeOH (451) > CHCl3 (443) > EtOAc 

(438) > toluene (424) at excitation ~395 nm (Figure 3.6). The ligand 2L was shown ACN (515) 

> DMSO (500) > DMF (487) > acetone (473) > MeOH (455) > DCM (450) > THF (441) > 

CHCl3  EtOAc (437) > toluene (419) at excitation ~375 nm (Figure 3.7). Similarly the ligand 

3L also was shown ACN (516) > DMSO (497) > DMF (484) > acetone (465) > MeOH (462) > 

DCM (450) > THF (444) > CHCl3 (439) > EtOAc (436) > toluene (422) under excitation at 385 

nm (Figure 3.8). All the ligands showed similar trend from ACN (high wavelength) to toluene 

(less wavelength. These obtained results are indicating that the observed emission maxima 

shifting towards higher wavelength with increasing the polarity of the solvent. It clearly indicates 

that the solvent plays a major role to shift the emission from the blue to yellow emission (due to 

the polarity dependent excited state stabilization).   

  
Figure 3.8 The PL excitation (left) and emission (right) spectra of the ligand (2L) in different 

solvents. 
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The ligand coordinated Eu-complexes, 1Eu, 2Eu and 3Eu was shown characteristic 

intense emission at 612 nm (
5
D0-

7
F2) in solution under 366, 386 and 400 nm excitation, 

respectively (Figure 3.9, left). In addition with characteristic Eu emission, the Eu-

complex emission spectra also consist of broad band in the region of 400-580 nm, which 

is belongs to ligand emission. Due to the present of both ligand and Eu
III 

emission, the 

color of the complex under UV lamp shown yellowish red emission (deviated from pure 

red emission). As mentioned in the previous chapter that the Eu-complex emission peaks 

was attributed to the intraconfigurational 4f-4f (
5
D0→

7
FJ (J = 0 - 4)) electronic transitions. 

Not surprisingly the emission spectrum contain bands at ~579, ~592, 612, ~652 and ~702 

nm and these are corresponding to f-f transitions of 
5
D0→

7
F0, 

5
D0→

7
F1, 

5
D0→

7
F2, 

5
D0→

7
F3 and 

5
D0→

7
F4, respectively [26].  

In general, the Eu-complex emission spectra give two major transitions, which are 

electric dipole (ED, hypersensitive transition, appears or dominates when the Eu ion 

located in the non-centrosymmetric site) and magnetic-dipole (MD, dominates when the 

Eu ion located in the centrosymmetric site). In the presently studied complexes, the single 

emission peak at 579 nm (
5
D0→

7
F0 transition) in the spectra indicates that the all Eu

III
 

ions occupy a site with the same symmetry. The emission at 579, 652 nm (
5
D0→

7
F0, 

5
D0→

7
F3) are forbidden both in magnetic and electric dipole systems and which are weak. 

The important band at 592 nm emission is not strong enough, because of magnetic 

character (
5
D0→

7
F1) is independent of the coordinate environment. Hence, it was taken 

major peak for calculate the Judd-Ofelt parameters. Among all the Eu
III

 ion emission 

peaks, 
5
D0→

7
F2 transition at 612 nm is most intense and it is belongs to ED transition. 

The high intensive peak clearly indicates that the Eu
III

 occupies site without inversion 

centre in the presently stuided Eu-complexes. Similar emission behaviour was 

encountered in the case of solid, intense emission peak at 612 nm was observed without 

ligand emission (which is observed in the Eu-complexes in solution) in the region of 400-

580 nm (Figure 3.9, right), which clearly indicates that the energy transfer between the 

ligand and Eu
III

 metal ion is efficient.  

  

Figure 3.9 The PL excitation and emission spectra of the Eu
III

 complex in solution form, thin 

film, and solid phase. 
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3.2.3.2.3 Asymmetric ratio of Eu-complexes: 

As mentioned in the previous chapter, the intensity or asymmetric ratio of the ED 

transition (
5
D0→

7
F2) and the MD transition (

5
D0→

7
F0) of Eu complexes is the measure of 

symmetry around the Eu
III

 ion in the complex. In the presently studied complexes also the 

same has been calculated and analysed.  The I2/I1 (I5D0-7F2/I5D0-7F1) ratio of the 1Eu, 2Eu 

and 3Eu complexes was found to be 16.9, 10.5 and 12.6 in solution, respectively. 

However, in case of solid state emission was shown 17.79, 16.73 and 9.11 for 1Eu, 2Eu 

and 3Eu complexes, respectively. The presently studied Eu-complexes are shown high 

intensity (asymmetric) ratio which clearly indicates that the Eu metal ion occupies non-

centrosymmetric site. The calculated narrow full width at half maximum (FWHM) for the 

solution and solid for 1Eu, 2Eu and 3Eu found to be 3.33, 4.16, 6.16 and 5.13, 8.77, 5.44 

nm, respectively.  

3.1.3.2.4 Solvent dependant Emission study of Eu-complexes: 

In addition to understand the Eu-complex emission behaviour in solvents, the 

emission of Eu-complexes was measured in different solvents such as acetone, ACN, 

CHCl3, DCM, DMF, DMSO, EtOAc, MeOH, THF and toluene. The ligand emission in 

the Eu-complex was observed significantly high while polarity of the solvent increased. 

However, the maximum intensity of the ligand emission from the complex observed in 

mostly in THF, CHCl3 and DMF solvents (Figure 3.10. 3.11, 3.12 and the corresponding 

CIE color coordinate diagram depicted). The ligand emission (400-550 nm) is responsible 

for the blue to greenish yellow, whereas the 612 nm red emission is responsible for the 

Eu
III

 emission. In general, production of white emission requires three primary colours 

such as blue (B), green (G) and red (R). By careful balancing of these three colors are 

necessary to achieve the white emission with CIE value x = 0.33, y = 0.33 [15-19]. The 

ligands show broad emission in the polar solvent (DMF, DMSO), which is covering 

visible region (400-600 nm) and it leads to greenish yellow emission. 

     

Figure 3.10 The PL emission spectra of Eu(TTA)3Phen-Ph-TPA under 360 nm excitation 

under different solvents (left) and correspondiong CIE color coordinates (right). 
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Figure 3.11 The PL emission spectra of Eu(TTA)3Phen-mCF3-TPA under 360 nm 

excitation under different solvents (left) and correspondiong CIE color coordinates 

(right). 

       

Figure 3.12 The PL emission spectra of Eu(TTA)3Phen-pCF3-TPA under 360 nm 

excitation under different solvents (left) and correspondiong CIE (right). 

Based on these criteria, the presently studied complexes also were verified the 

above strategy to get white emission, since both ligand and Eu emission (with intensity 

variation) were encountered in the emission spectra of the complexes in different 

solvents. The emission in different solvent analysis made to achieve the white light 

emission from the Eu-complexes in DMSO, DMF solution. Remaining solutions were 

tunable emission behaviour rather than white emission, due to improper balancing of the 

RGB colours.  
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3.2.3.2.5 Temperature dependent PL study of Eu-complexes for ratiometric 

temperature sensor: 

Temperature-dependent luminescence is a well-known phenomenon which has 

been exploited to develop luminescent thermometers based on lanthanide molecular 

complexes [27, 28]. It has diverse benefits over other conventional thermometers because 

of their fast response, high sensitivity, non-invasive operation (temperature distributions 

in biological tissues (e.g., in tumors), the medium of interest is observed remotely, eg, 

infrared and luminescence thermography), and inertness to strong electric or magnetic 

fields.  The temperature-dependent lanthanide emission is a key feature for developing 

new ratiometric temperature sensors, as the emission PL intensity or wavelength and 

lifetime is conjugated or reflected with the temperature. Since, in the presently studied 

complexes shown dual emissive behaviour, the temperature dependent PL study was 

executed to explore the possibility of using this as a ratiometric temperature sensor.  

The temperature dependent emission of the complexes in DMSO solution from 

293 – 423 K under different excitation wavelength (330, 360 and 390 nm) and their 

corresponding CIE color coordination are shown in Figure 3.13 to 3.21. In 

Eu(TTA)3Phen-Ph-TPA complex, the ligand emission was increased with increasing the 

temperature from 293 – 423 K. In Eu(TTA)3Phen-Ph-TPA complex due to ligand 

enhancement, emission band shifted from yellow to near blue region and the same was 

reflected in the CIE color coordinates (Figure 3.13, 3.14, 3.15). However, in the case of 

390 nm excitation ligand emission was fully dominated than that of Eu
III

 ion emission, 

which leads to greenish yellow emission in the spectrum (Figure 3.15). 

       

Figure 3.13 The PL emission spectra of Eu(TTA)3Phen-Ph-TPA at 293-423 K under 330 

nm excitation (left) and correspondiong CIE color coordinates (right). 

In similar way, Eu(TTA)3Phen-mCF3-TPA was shown ligand emission, however 

the emission intensity depends on the temperature (Figure 3.16, 3.17, 3.18). Ligand 

emission in the complex slightly decreases up to 343 K and increased maximum at 423 K. 

From the emission and the CIE color coordinates, it is observed that the emission shifting 

from yellow to sky blue region via white region (emission). Under 390 nm excitation, the 
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complex shown intensive ligand emission along with red emission, however the color 

purity in the CIE color coordinateds shown in the green region. The third Eu(TTA)3Phen-

pCF3-TPA complex shown increses of ligand emission from 293 K to 423 K (Figure 3.19, 

3.20, 3.21). Ligand emission in the complex slightly decreases up to 343 K and increased 

maximum at 423 K. The CIE color coordinates was shown emission shifting from the 

yellow to sky blue region through white emission. Intensive ligand emission shown at 390 

nm excitation and emission in CIE color coordinates located at bluish green region.    

        

Figure 3.14 The PL emission spectra of Eu(TTA)3Phen-Ph-TPA at 293-423 K under 360 

nm excitation (left) and correspondiong CIE color coordinates (right). 

       

Figure 3.15 The PL emission spectra of Eu(TTA)3Phen-Ph-TPA at 293-423 K under 390 

nm excitation (left) and correspondiong CIE color coordinates (right). 
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Figure 3.16 The PL emission spectra of Eu(TTA)3Phen-mCF3-TPA at 293-423 K under 

330 nm excitation (left) and correspondiong CIE color coordinates (right). 

       

Figure 3.17 The PL emission spectra of Eu(TTA)3Phen-mCF3-TPA at 293-423 K under 

360 nm excitation (left) and correspondiong CIE color coordinates (right). 
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Figure 3.18 The PL emission spectra of Eu(TTA)3Phen-mCF3-TPA at 293-423 K under 

390 nm excitation (left) and correspondiong CIE color coordinates (right). 

        

Figure 3.19 The PL emission spectra of Eu(TTA)3Phen-pCF3-TPA at 293-423 K under 

330 nm excitation (left) and correspondiong CIE color coordinates (right). 
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Figure 3.20 The PL emission spectra of Eu(TTA)3Phen-pCF3-TPA at 293-423 K under 

360 nm excitation (left) and correspondiong CIE color coordinates (right). 

      

Figure 3.21 The PL emission spectra of Eu(TTA)3Phen-pCF3-TPA at 293-423 K under 

390 nm excitation (left) and correspondiong CIE color coordinates (right). 

3.2.3.2.6 Energy transfer mechanism:  

Further to understand the ligand emission from the Eu-complex requires, knowing the 

exact energy transfer pathway in the complex. Since the dual emission characteristics 

(contributed by both ligand and Eu
III

 ion) of the complex originates from ligand as well as Eu
III

 

excited levels.  Understanding of the excited level locations is very important to propose the 

energy transfer mechanism in the presently studied complexes. Theoretical studies were 

performed for the presently synthesized ligands to explain the phenomena in detailed. The singlet 

and triplet energies of the exited energy levels were calculated by using DFT and TD-DFT 

analysis. The singlet energy level of 1L, 2L and 3L ligands were located at 25,575 (3.17 eV), 

25,598 (3.16 eV) and 25,469 (3.17 eV), respectively. The triplet levels are located at 20,850 

(2.58 eV), 20,844 (2.58 eV) and 20,807 (2.58 eV), respectively (Figure 3.22). It is well known 
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that the TTA energy levels are located at 25,164 (singlet) and 18,954 (triplet) [29].
 
The 

5
D0 

excited state energy level of the Eu
III

 metal ion located at the 17,500 cm
-1

 [30, 31].
 
The obtained 

results are indicating that the presence of triplet level is ~20,800 cm
-1

 and it can leads the energy 

back transfer, results emission from the ligand in the emission spectrum along with 612 nm. It 

was also supported from the PL emission spectra of the complexes in solution. The triplet energy 

level of the ligand was calculated by phosphorescence emission spectra at 77 K with respective 

Gd
III

-complex (Figure 3.23). The obtained results are shown similar to that of the theretical 

findings. The obtained results are in good contract with Letva et al., investigations that the 

energy difference (ΔE should be in the range of 2500 - 4000 cm
-1

) [32]. It can be concluded from 

the results obtained that the energy transfer is occurring from the triplet level to excited state of 

Eu
III

 metal ion [33]. 

 
Figure 3.22 The energy transfer diagram for the complexes and energy transfer from ligand as 

well TTA to the Eu
3+

 ion.  
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Figure 3.23 The phosphorescence emission spectra of the ligand measured at 77 K with 

respective Gd
III

-complex and calculated triplet energy level.  

3.2.3.2.7 Photoluminescence quantum yield (PLQY) and PL lifetime: 

As mentioned in the previous chapter, by using equation 2.2 and 2.3, the quantum 

efficiency (φ) can be obtained. The PLQY of the complexes were measured in solution and solid 

phase. The quantum yield of the complexes 1Eu, 2Eu and 3Eu shown 6.6, 6.24 and 24 % in 

solid; 10.4, 25.3 and 25.2 % in solution phase, respectively. Among all complexes, the QY found 

to be in mCF3 and pCF3 consisted Eu-complexes shown better value. It indicates that the 

fluorination leads to increase the efficiency than the free fluorination Eu-complex. Furthered, the 

quantum yield of the complexes 1Eu, 2Eu and 3Eu were incorporated on the glass substrate (thin 

film – pure Eu-complex) are shown 9.42, 4.21 and 4.09, respectively. 

In order to understand the excited state properties, the PL lifetime of the 

complexes were measured.  The lifetime data was fitted with the single exponential 

function by following given equation, 𝐼(𝑡) = 𝐼0 + 𝐴1 exp  (
−𝑡

𝜏
); where A1 is the scalar 

quantity obtained from the curve fitting, t is the time in ms, I0 = 0 is the offset value and τ 

is the decay time value for the exponential component. Lifetime for the complexes 

luminescence decay curves of the 
5
D0 excited state were measured at 298 K by 

monitoring the most intense 612 nm emission line (
5
D0→

7
F2) of the Eu-ion center under 

360 nm excitation. The lifetime of the 1Eu, 2Eu and 3Eu complexes in the solid state 

calculated and the values are 0.32, 0.30 and 0.51 ms, respectively. In addition, to 

understand the solvent influence; the lifetime was also investigated in various solvents 

(acetone, CHCl3, DCM, DMF, DMSO, THF, toluene), with different solvent polarity. The 

most of the solvents are followed single exponential decay, whereas the PL lifetime of the 

solid followed bi-exponential decay fitting (Figure 3.24, 3.25, 3.26).  

The luminescent lifetime values (τ) of Eu
III

-complexes 1Eu, 2Eu and 3Eu found to 

be highest is ~0.53 ms (in CHCl3 solution). It indicates that the non-radiative relaxation in 

the both the state (solution and solid) having slight lifetime variation (0.51/0.53 ms). The 

lifetime of the ligands is also calculated and found to be ~1.7x10
-3

 ms in solution. In 

solution, the quenching of lifetime is due to non-radiative relaxation via vibronic coupling 
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and it is less in the case of the CHCl3 solution. It could be attributed that the C-H 

vibrational oscillators frequency is less compare to that of O-H and N-H. 

    

Figure 3.24 The lifetime of the Eu
III

 complex (1Eu, left) and ligand (1L, right) in different 

solvents and in the form of solid. 

    

Figure 3.25 The lifetime of the Eu
III

 complex (2Eu, left) and ligand (2L, right) in different 

solvents and in the form of solid. 
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Figure 3.26 The lifetime of the Eu

III
 complex (3Eu, left) and ligand (3L, right) in different 

solvents and in the form of solid. 

3.2.3.2.8 Judd-Ofelt (J-O) spectral parameters for Eu-complexes: 

The detailed J-O spectral parameter calculations were explained in Chapter 2, 

section 2.2.3.2.4). The calculated Judd-Ofelt (J-O) parameters of the complexes showed 

2 and 4 are 4.31 and 1.40; 2.87 and 1.00; 1.57 and 1.24, respectively. The obtained 

value of intensity parameter, Ω2 (
5
D0→ 

7
F2) is more sensitive to the symmetry and reveals 

covalent bonding environment between Eu
III

 ion and the surrounding ligand moiety in the 

presently studied Eu-complexes.  

In addition, the radiative (ARAD), nonradiative (ANR) decay rates, 
5
D0 lifetime (tobs), 

intrinsic quantum yield (Ln), energy transfer efficiency (sen) and overall quantum yield 

(overall) for complexes were also been calculated. The experimental branching ratios and cross 

section (1-4) parameters are calculated. All the calculated parameters are tabulated in Table 3.2 

and Table 3.3. The highest sensitization for the complex 2Eu shown 66.35 %, which is clearly 

indicating that the pCF3 consisted complex leads to enhance the sensitization. It is also reflecting 

in in case of QY of the 2Eu.  

Table 3.2 J-O parameters (2 and 4) and their experimental branching ratios (β1-3) of the 

complex. 

S. 

No. 

Complex name 1 2 4 2  4 1 2 3 

(10
-20

 cm
2
) 

1. Eu(TTA)3Phen-Ph-TPA 0.293 2.13 0.032 4.31 1.402 3.21 83.76 12.99 

2. Eu(TTA)3Phen-mCF3-TPA 0.353 1.142 0.042 2.878 1.001 4.70 81.62 13.68 

3. Eu(TTA)3Phen-pCF3-TPA  0.607 5.88 0.113 1.579 1.243 7.07 67.02 25.90 
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Table 3.3 The Radiative (ARAD) and nonradiative (ANR) decay rates, 
5
D0 lifetime (tobs), intrinsic 

quantum yield (Ln), energy transfer efficiency (sen) and overall quantum yield (overall) for 

complex. 

S. 

No. 

Complex name ARAD 

(S
-1

) 

ANR 

(S
-1

) 
obs 

(ms) 

RAD 

(ms) 

Ln 

(%) 

Sen 

(%) 

Overall 

(%)  

1. Eu(TTA)3Phen-mCF3-TPA 1062.8 224 0.303 0.94 32.23 19.36 6.24 

2. Eu(TTA)3Phen-pCF3-TPA  706.34 125 0.510 1.41 36.17 66.35 24.0 

3 Eu(TTA)3Phen-Ph-TPA 1554.3 155 0321 0.64 50.1 13.17 6.6 

3.2.3.3 Electrochemical Properties: 

The cyclic voltammetry analysis has an important role for redox properties and it 

help to understand the energy levels (HOMO and LUMO) of the Eu
III

-complex and 

ligand. The Eu
III

-complex onset oxidation potential found to for 1Eu, 2Eu and 3Eu are 

1.33, 1.25 and 1.53, respectively (Fig. 3.27). The reduction potentials data and their band 

gap was listed in Table 3.4. The HOMO and LUMO energy levels were calculated by 

using equation 2.9 and 2.10. 

   

Figure 3.27 Cyclic voltammogram of ligands and its corresponding Eu
III

-complexes. 

Table 3.4 Electrochemical properties of the ligands and respective Eu
III

-complexes. 

S. 

No. 

Compound Name 𝐕𝐨𝐥𝐭𝐚𝐠𝐞𝐨𝐧𝐬𝐞𝐭
𝐎𝐱𝐢  [V]      𝐕𝐨𝐥𝐭𝐚𝐠𝐞𝐨𝐧𝐬𝐞𝐭

𝐑𝐞𝐝  [V] 

  ( EHOMO [eV] )         ( ELUMO [eV] )             

onset, 

[nm] (a) 

Bandgap/Energy 

gap  𝑬𝒈
𝑶𝒑𝒕

, [eV] (b) 

1.  Eu(TTA)3Phen-

Ph-TPA 

1.33 ( - 5.73 ) -1.09 ( -3.31 ) 467 2.65 ( 2.42 ) 

2.  Eu(TTA)3Phen-

mCF3-TPA 

1.25 ( -5.65 ) -0.91 ( -3.49 ) 453 2.73 ( 2.16 ) 

3.  Eu(TTA)3Phen-

pCF3-TPA 

1.53 ( -5.93 ) -0.92 ( -3.48 ) 467 2.65 ( 2.45 ) 

4.  Phen-Ph-TPA 1.30 ( -5.70 ) -1.21 ( -3.19 ) 439 2.82 ( 2.51 ) 

5.  Phen-mCF3-TPA 1.28 ( -5.68 ) -0.93 ( -3.46 ) 421 2.93 ( 2.22 ) 

6.  Phen-pCF3-TPA 1.04 ( -5.44 ) -0.96 ( -3.43 ) 424 2.92 ( 2.01 ) 
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(a) Calculated from the optical absorption (DRS spectra), (b) Calculated the onset wavelength of 

optical absorption (onset) in solid-state film (DRS spectra).  The energy differences (HOMO and 

LUMO) values calculated by cyclic voltammogram are mentioned in bracket. 

The HOMO and LUMO energy level of the Eu
III

-complexes 1Eu, 2Eu and 3Eu are 

found to be -5.73 and -3.31 eV; -5.65 and -3.08; -5.93 and -3.88, respectively. Eu
III

-

complex projected energy gap >2.5 eV. The ligands energy gap was found to be almost 

higher than that of the Eu-complexes. The calculated energy gap from the optical 

absorption was matched with the cyclic voltammetry analysis. Each redox reaction 

involves a reversible one-electron transfer, and each is attributed to a ligand-based redox 

process in the complex.  

3.2.3.4 Theoretical calculations: 

To understand the obtained results of HOMO and LUMO of the ligands, it was 

analysed by theoretical calculations such as DFT and TD-DFT analysis (frame work 

using B3LYP/6-31G (d, p) level of theory) [34, 35]. The optimized structure of ligands 

(Phen-mCF3-TPA, Phen-pCF3-TPA and Phen-Ph-TPA) was incorporated in Figure 3.28. 

The HOMO and LUMO energy levels of the ligands molecular orbitals shown in Table 

3.5. The HOMO and LUMO energy levels of the ligands with their respective band gaps 

as well as singlet and triplet energy levels were incorporated in the Table 3.6 and it is 

harmonized with the experimental findings. The electron density in the HOMO of ligands 

were located on phenanthroline moiety and in LUMO located on Phenanthroimidazole 

and slightly on phenyl ring. In case of Phen-Ph-TPA shown electron density mostly 

transferred on TPA moiety. It is expecting due to the absence of fluorine in the ligand. In 

addition, computed vertical transitions and their oscillator strengths and configurations 

were incorporated in the Table 3.7, 3.8 and 3.9. 

 

Figure 3.28 Optimized structures of ligands (Phen-mCF3-TPA, Phen-pCF3-TPA and 

Phen-Ph-TPA) 
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Table 3.5 The HOMO and LUMO orbital diagrams of the ligands.  

 Phen-mCF3-TPA Phen-pCF3-TPA Phen-Ph-TPA 
LUMO+1 

   

LUMO 

   
HOMO 

   
HOMO-1 
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Table 3.6 The HOMO and LUMO energy levels of the ligands with their respective band gaps as 

well as singlet and triplet energy levels. 

Molecule HOMO  HOMO-1  LUMO  LUMO+1 Eg  S1  T1  

in electron volts (eV) 

1L  -5.065 -5.799 -1.404 -1.375 3.661 3.17 2.58 

2L -5.066 -5.872 -1.528 -1.305 3.538 3.16 2.58 

3L  -4.966 -5.689 -1.223 -1.129 3.743 3.17 2.58 

Eu
III

 metal ion --.-- --.--
 

--.-- --.--
 

--.-- 
5
D0 level = 2.17 

Table 3.7 Computed vertical transitions and their oscillator strengths and configurations
a
 

Phen-Ph-

TPA 

State Energy 

(eV) 

λmax 

nm 
 Configuration 

Singlet Gas 3.3200 373 0.8208 HOMO  LUMO (69.47%) 

  3.6457 340.09 0.100 HOMO  LUMO+3 (68.37%) 

 DCM 3.1709 391 0.5969 HOMO  LUMO (66.76%) 

HOMO LUMO+1 (17.60%) 

  3.2908 376.75 0.3244 HOMO  LUMO+1 (65.99%) 

HOMO  LUMO+2 (11.80%)      

  3.6167 342.81 0.2296 HOMO  LUMO+3 (67.64%) 

Triplet Gas  2.5835 479.9 - HOMO-1  LUMO (19.0%) 

HOMO  LUMO (58.80%)  

 DCM 2.5851 479 - HOMO-1  LUMO (13.41%) 

HOMO-1  LUMO+1 (19.04%) 

HOMO  LUMO (36.65%) 

HOMO  LUMO+1 (40.52%) 

HOMO  LUMO+3 (20.94%) 
a
Orbital contributions below 10% are omitted. 

Table 3.8  Computed vertical transitions and their oscillator strengths and configurations
a
 

Phen-mCF3-

TPA 

State Energy 

(eV) 

λmax nm  Configuration 

Singlet Gas 3.1771 390.25 0.019 HOMO  LUMO (68.25%) 

  3.2368 383.04 0.3283 HOMO  LUMO (11.62%) 

HOMO  LUMO+1 (67.62%) 

HOMO  LUMO+3 (18.16%) 

     

  3.3716 367.73 0.4266 HOMO  LUMO+2 (67.29%) 

 DCM 3.1737 390.66 0.6536 HOMO  LUMO (64.81%) 

  3.2594 380.39 0.1905 HOMO  LUMO+1 (64.30%) 

Triplet Gas  2.5792 480.71 - HOMO-1  LUMO (10.83%) 

HOMO-1  LUMO+1 (15.67%)  

HOMO-1  LUMO+3 (10.46%) 

HOMO LUMO (26.79%) 
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HOMO LUMO+1 (45.71%) 

 DCM 2.5844 479.73 - HOMO-1  LUMO (13.98%) 

HOMO-1  LUMO+1 (19.31%) 

HOMO  LUMO (36.66%) 

HOMO  LUMO+1 (44.53%) 

HOMO  LUMO+3 (15.67%) 

HOMO  LUMO+4 (14.17%) 
a
Orbital contributions below 10% are omitted. 

Table 3.9  Computed vertical transitions and their oscillator strengths and configurations
a
 

Phen-pCF3-

TPA 

State Energy 

(eV) 

λmax nm  Configuration 

Singlet Gas 3.0513 405.67 0.0834 HOMO  LUMO (69.45%) 

  3.373 371.51 0.5742 HOMO  LUMO+1 (68.84%) 

  3.3759 367.26 0.1780 HOMO  LUMO+2 (67.65%) 

 DCM 3.1578 392.63 0.6917 HOMO  LUMO (60.8%) 

HOMO  LUMO+1 (33.08%) 

HOMO  LUMO+3 (10.30%) 

  3.4311 361.36 0.2351 HOMO  LUMO+2 (67.83%) 

Triplet Gas  2.5705 482.34 - HOMO-1  LUMO (13.49%) 

HOMO-1  LUMO+1 (12.65%)  

HOMO  LUMO (36.66%) 

HOMO LUMO+1 (38.99%) 

HOMO LUMO+2 (27.21%) 

HOMO LUMO+3 (10.63%) 

HOMO LUMO+4 (13.15%) 

 DCM 2.5798 480.60 - HOMO-1  LUMO (15.74%) 

HOMO-1  LUMO+1 (16.21%) 

HOMO  LUMO (41.13%) 

HOMO LUMO+1 (37.12%) 

HOMO LUMO+3 (19.10%) 
a
Orbital contributions below 10% are omitted. 

 

3.2.3.5 CIE Chromaticity coordinates: 

The CIE color coordinates of the ligands and their Eu-complexes were calculated 

from the emission data’s with the help of MATLAB software (Figure 3.29). The ligands 

1L, 2L and 3L CIE color coordinates in solid shown x = 0.24, y = 0.26, x = 0.29, y = 0.41 

and x = 0.19, y = 0.22, respectively; in solution shown x = 0.15, y = 0.09; x = 0.15, y = 

0.08 and x = 0.15, y = 0.07, respectively. The ligand coordinated Eu-complexes 1Eu, 2Eu 

and 3Eu were shown x = 0.66, y = 0.33, x = 0.65, y = 0.33 and x = 0.66, y = 0.33 

solution; x = 0.40, y = 0.23, x = 0.23, y = 0.13 and x = 0.37, y = 0.19 (solid), respectively. 

The ligands were largely deviated from solution (blue region) to solid (sky blue to green 

region). These outcomes were also supporting from the PL emission spectral analysis of 

solution and solid (aggregation). In case of complexes, the similar trend was obtained and 

deviating from the red (solid) to bluish pink (solution). It is due to the presence of ligand 

emission in the Eu-complex. However, Eu-complexes in solid state exhibited red color in 
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the CIE gamut color space and matching to National Television System Committee 

(NTSC) standards.   

 

Figure 3.29 The CIE chromaticity coordinates for complexes and ligands in solution as well as 

solid phase. 

3.2.3.6 PMMA film of Eu
III

 complex: 

Apart from PL emission study in solution and solid, thin film emission study also 

been executed.  The complexes were incorporated in PMMA matrix in different ratio (0.1, 

0.5, 1% of Eu-complex) and studied the emission behaviour (Figure 3.30, their digital 

photographs under 365 nm shown in the inset). The calculated CIE color coordinates of 

the complexes are shows good color saturation. The intensity of the Eu
III

 metal ion at 612 

nm emission peak is enhanced by increasing the concentration level of the Eu-complex in 

the PMMA matrix. The calculated CIE color coordinates and their respective intensity 

parameters were interpreted in the Table 3.10. Thin film of the naked film of the 

complexes was shown orange red emission. The thin film PL study indicates that the 

emission from the ligand is negligible and fully dominated by Eu
III

 (612 nm, ED 

transition) emission. These results are convincingly supports the ligand energy fully 

transferring to the Eu
III

 metal ion in the presently studied Eu-complexes.  

In addition, it was also observed that the intensity ratio (I2/I1) decreasing with the 

increasing of the concentration of the Eu-complex in the PMMA matrix. It is signifying that the 

concentration of the Eu
III

 complex is influencing the asymmetric ratio. In addition, the calculated 

QY of the complexes 1Eu, 2Eu and 3Eu are shown at 0.1 % are 31.8, 62.9 and 43.9 %; at 0.5 % 

shown 53.7, 48.8 and 75.9 %, at 1.0 % shown 63.4, 58.3 and 54.3 %, respectively. The complex 

2Eu shown QY increment up to 0.5 % after the QY reduces. This indicates that the quenching of 

the red emission occurs at above 1 % of complex. However, rest of the complexes was shown no 

such type of quenching behaviour. As compared with the pure thin film of the complexes, 

PMMA doped complexes gained high QY yield and reached from 31.8 to 75.9 %. These results 

were indicates that the complex with doping in PMMA was best advantage for practical 

applications. 
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Figure 3.30 The emission spectra of the Eu
III

 complexes doped with PMMA in different 

percentage ratio (a,b,c) and its thin film patterns were shown. d is CIE color coordinates of the 

thin film of the complexes in different ratios. 

Table 3.10 The calculated CIE color coordinates of the thin film of the complexes in different 

ratios and their intensity ratios. 

 Eu(TTA)3Phen-Ph-TPA Eu(TTA)3Phen-pCF3-TPA Eu(TTA)3Phen-mCF3-TPA 

I2/I1 

(% of 

Eu
3+

) 

24.42 (PURE) 

21.23 (0.1) 

19.58 (0.5) 

17.81 (1.0) 

23.06 (PURE) 

27.11 (0.1) 

18.56 (0.5) 

22.65 (1.0) 

20.12 (PURE) 

25.27 (0.1) 

27.11 (0.5) 

26.91 (1.0) 

CIE 

 

x 

0.54 (PURE) 

0.58 (0.1) 

0.61 (0.5) 

0.66 (1.0) 

0.56 (PURE) 

0.65 (0.1) 

0.65 (0.5) 

0.55 (1.0) 

0.61 (PURE) 

0.66 (0.1) 

0.66 (0.5) 

0.64 (1.0) 

 

y 

0.27 (PURE) 

0.29 (0.1) 

0.31 (0.5) 

0.33 (1.0) 

0.28 (PURE) 

0.33 (0.1) 

0.33 (0.5) 

0.28 (1.0) 

0.31 (PURE) 

0.33 (0.1) 

0.33 (0.5) 

0.32 (1.0) 
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3.2.3.7 Fabrication of LED with Eu complexes: 

Light-emitting diodes were fabricated by using combination of a 395 nm emitting InGaN 

LED chip with the complexes in different ratios such 1:10 and 1:50 (Eu
III

 complex : PMMA). 

The emission of the original naked InGaN LED with 395 nm chip and emission from the 

complexes under 20 mA forward-bias current was shown in Figure 3.31. The excitation source 

from 395 nm emitting LED was fully absorbed by the complexes and among all 2Eu shown 

better source utilization. Most of the complexes were shown red and pinkish-red emission from 

the LED. Complex 2Eu shown pinkish red in case of 1-50 ratio is due to the presence of ligand 

emission in the Eu-complex. However, red emission observed in case of 1-10 ratio and it is due 

to the ligand emission in complex have less intensive than 1-50 ratio of LED emission. The 

calculated CIE color coordinates of the complexes shown for 1Eu is x = 0.52, y = 0.30 (1:10); x 

= 0.50, y = 0.30 (1:50); 2Eu is x = 0.55, y = 0.30 (1:10); x = 0.48, y = 0.28 (1:50) and 3Eu is x = 

0.52, y = 0.29 (1:10); x = 0.57, y = 0.30 (1:50), respectively. In addition, the CIE of the obtained 

results are interpreted in the Figure 3.31. 

      

                 

Figure 3.31 The spectra’s A, B and C are Eu
III

 complexes coated on the 395 nm emitted LED 

chip. In inset a is the original 365 nm emitted LED chip, aa is under forward bias. b and c are 

coated with Eu
III

 complexes and bb and cc are with forward bias, respectively. The CIE color 

coordinates of the Eu-complexes shown in D. 
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3.3 Fluorene decorated phenthro-imadaole bidentate ligand for ternary mono nuclear Eu
III

 

molecular complex: synthesis, photophysical, electrochemical and theoretical study: 

3.3.1 Outline of the present study: 

In the previous section, N1 functionalization by phenyl and substituted phenyl (mCF3 and 

pCF3) of phenthro-imadaole was synthesised and used the same for the synthesis of Eu
III

 

complexes. The photophysical studies reveal that the complexes can efficiently emit white in 

solution and red in solid.  In the part, resent study, N1 functionalization by polyaromatic ring 

containing fluorene was introduced in the phenthro-imadazole backbone (triphenylamine-

phenanthroline-fluorene, Phen-Fl-TPA) and used for the synthesis of an efficient red emitting 

Eu
III

 complex (Eu(TTA)3Phen-Fl-TPA, Phen-Fl-TPA = 4-(1-(9,9-diethyl-9H-fluoren-2-yl)-1H-

imidazo[4,5-f][1,10]phenanthrolin-2-yl)-N,N-diphenylbenzenamine, TTA = 

Thenoyltrifluoroacetone.  Incorporation of TPA (hole-transporting), Phen (electron-transporting) 

and fluorene fragments into one molecule could be advantage: the fluorene has strong π-π* 

absorption is photochemically and thermally stable and it is expected that it can also improve the 

morphological stability of the Eu
III

-phosphors. The second one is the enhancement in the hole 

transporting properties may be anticipated by the attached TPA group, which prevents the 

crystallization of complexes. In addition, it protects the metal radiating states (light-harvesting 

unit), as well as increases the solubility in common organic solvents and thermal stability of the 

complex [36, 37]. Phen acts as an electron transporting moiety and is also co-operative in 

increasing the thermal stability of Eu
III

 complex. Thenoyltrifluoroacetone (TTA) as well as 

fluorene acts as an antenna that harvest energy efficiently to EU
III central metal ion. It is well 

documented that the presence of halogen can decrease the vibrational quenching and increase the 

decay time at room temperature (RT)
 
[38, 39]. It is very much intended that the designed ligand 

can act as a dual characteristic, that is bipolar nature and antenna for the EU
III complex and the 

structure of the ligand and complex is represented in Figure 3.32. 
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Figure 3.32 Chemical structures of bipolar ligand and the corresponding Eu
III

 complex. 
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3.3.2 Experimental: 

3.3.2.1 General Information for synthesis:  

The general information related to synthesis was mentioned in Chapter 2, experimental 

section 2.2.2. 

3.3.2.2 Measurements:  

Details are given in previous measurement section in Chapter 2 (2.2.2). 

3.3.2.3 Synthesis:  

The detailed synthesis of the ligand and complexes were given in 3.1.2.3 and the 

compounds were confirmed by 
1
H NMR, CHNS and FT-IR analysis (Figure 3.S13 and 3.S16). 

3.3.2.3.1 Synthesis of N-(4-(1-(9,9-diethyl-9H-fluoren-7-yl)-1H-imidazo[4,5-f] 

[1,10]phenanthrolin-2-yl)-N,N-diphenylbenzenamine (Phen-Fl-TPA):  

Fl (0.169 g, 0.714 mmol) was added to a stirred solution of TPA-CHO (0.194 g, 0.714 

mmol) in glacial acetic acid (15 mL) at room temperature. To this reaction mixture subsequently 

ammonium acetate (0.274 g, 3.571 mmol) and Dione (0.150 g, 0.714 mmol) were added. Then 

resulting mixture was stirred for 12 hrs at 110 C. The progress of the reaction was monitored by 

TLC (MeOH in Chloroform 1:9, Rf-0.2). The RM was poured into minimum amount of water 

and then ammonium hydroxide solution was added. Then the formed solid was filtered and 

dissolved in dichloromethane, followed by dried with anhydrous sodium sulphate and the solvent 

was evaporated to get 200 mg crude compound. The resultant compound was purified with 

column chromatography by using silica gel (100-200 mesh), eluent with 5% methanol in 

chloroform and the solvent was evaporated and dissolved in minimum amount of THF solution 

added excess of hexane solvent, the pale brown color solid was formed. After settling of solid, 

decanted and repeated this process three more times to obtain Phen-Fl-TPA, 260 mg (53.3%) 

with pale brown color solid. The spectra were mentioned in Figure S5 and Figure S6. 
1
H-NMR 

Data (400 MHz, CdCl3): δ 9.21-9.17 (m, 2H), 9.03 (dd, 1H), 7.97 (d, 1H), 7.87-7.84 (m, 1H), 

7.75-7.80 (m, 1H), 7.63-7.56 (m,2H), 7.53 (d, 2H), 7.48-7.42 (m, 4H), 7.25-7.21 (m, 5H), 7.07-

7.03 (m, 5H), 6.93 (d, 2H), 2.12-2.06 (m, 4H), 0.42 (t, 3H), 0.28 (t, 3H). 
13

C-NMR Data (100 

MHz, CdCl3): δ 152.5, 152.0, 150.2, 148.8, 147.7, 147.0, 144.7, 144.3, 143.6, 139.9, 136.6, 

136.0, 130.56, 130.0, 129.6, 129.3, 128.4, 127.9, 127.5, 127.3, 126.8, 125.7, 125.0, 123.9, 123.6, 

123.4, 123.2, 123.0, 122.8, 121.8, 121.3, 120.4, 119.9, 56.7, 32.7, 8.3. EI-mass: m/z 684.23 

(M
+
+1). 

3.3.2.3.2 Synthesis of Eu(TTA)3Phen-Fl-TPA:  

Taken a 100 mL two neck round bottom flask with nitrogen containing balloon contained 

adaptor and poured Eu(TTA)3·2H2O (124 mg, 0.146 mmol, 1 eq) dissolved in dry 

tetrahydrofuron (THF) (5 mL). The ligand (100 mg, 0.146 mmol, 1 eq) dissolved in THF (10 

mL) and added to the stirred solution of reaction mixture and then stirred for 12 hrs at room 

temperature. The resulting mixture was concentrated and dissolved in minimum amount of THF 

and added excess of hexane to get solid product. After settling of solid, it was decanted and the 
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process was repeated it another two times and dried to get pale yellow color solid with 150 mg 

(68.4%). Elemental analysis: Anal. Calc. for C72H49EuF9N5O6S3: C, 57.68; H, 3.29; N, 4.67; S, 

6.42. Found: C, 57.55; H, 3.72; N, 4.74; S, 6.76%. EI-mass: m/z 1498.4 (M
+
-1). 
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Scheme 3.2 Synthetic route of triphenyl functionalized ligand and their corresponding -

diketonate Eu
III

 ternary complex. 

3.3.3 Results and Discussion: 

3.3.3.1 Characterization of the complex:  

The method of Eu
III

 complex synthesis is summarized in Scheme 3.2. The compounds 

were characterized by NMR (
1
H and 

13
C NMR; Figure 3.S14, S15), Mass spectroscopy, FTIR 

and Elemental analysis. All the measurements were done at room temperature (RT). Both the 

ligand and Eu
III

 complex showed good solubility in common organic solvents (dichlorobenzene 

(DCM), tetrahydrofuron (THF), chloroform (CHCl3), methanol (MeOH), dimethylformamide 

(DMF) and acetonitrile (ACN) and toluene). 

3.3.3.1.1 FT-Infrared spectroscopy and Power X-ray diffraction (PXRD) study: 

The FT-IR spectra of ligand and its corresponding Eu
III

 complex were measured in the 

range of 500 - 4000 cm
-1

 (Figure 3.33, left). The observed strong carbonyl (C=O) stretching 

frequency at 1609 cm
-1

 for the Eu(TTA)3·2H2O complex is shifted to 1595 cm
-1

 for the Eu
III

 

complex. These changes are the indirect evidence that the -diketonate (Eu(TTA)3) compound 

coordinated with the neutral ligand and the C=N bond is converted into a structure of C=N–Eu-O 

bond. The vibrational frequency due to C=N appears at 1588 cm
-1

 for the ligand and the same is 

shifted to 1534 cm
-1 

for the ligand coordinated with Eu
III

 ion. These results are suggesting that 
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the N atom in ligand also coordinates with Eu(TTA)3 [40]. All other major vibrational 

frequencies are listed out in Table 3.11.  

  

Figure 3.33 FT-IR spectra of the ligand, Eu(TTA)3·2H2O and Eu
III

-complex (left); the PXRD of 

ligand and corresponding Eu
III

 complex (right). 

Table 3.11 The major Infrared frequencies (wavenumber in cm
-1

) at room temperature for free 

ligand, corresponding Eu
III

 complex, and Eu(TTA)3· 2H2O. 

S.

No. 

Compound  (C=O)          (C=N)  

(Wavenumber in cm
-1

) 

 (C-N)  (C-F)   (C-CF3)   (C-H)    

  (phen) 

1 Eu(TTA)3Phen-Fl-TPA  1595  1534  1287  1306 1136 785, 731 

2 Phen-Fl-TPA   --.--  1588  1283   --.-- --.-- 833, 733 

3 Eu(TTA)3·2H2O  1609   --.--   --.--  1296 1133    --.-- 

 

The PXRD diffraction studies have been carried out, in order to evaluate the crystalline 

or amorphous nature of the ligand and its corresponding Eu
III

 complex (Figure 3.33, right). The 

PXRD pattern of the ligand shows crystalline nature, however the Eu
III

complex diffraction 

shows amorphous structure. It is also worth to note that the interplanar distances (d) of Eu
III

 

complex are shifted to higher value as compared to that of the ligand. It is also documented that 

the d-values are large for Ln(DBM)3 (Ln = La, Tb and Eu) as compared to that of HDBM ligand 

[41].
 
The stimulated powder pattern (mercury software) of the single crystal was well matching 

with the PXRD data of ligand. 

3.3.3.1.2 Thermal Properties: 

DSC-TG analysis was carried out (under nitrogen atmosphere and the heating rate was 

maintained 10 C for min
-1

) to find the thermal stability and glass transition temperature of the 

ligand and their corresponding Eu
III

 complex. The TG analyses showed that the thermal 

decomposition occurs above 250 C for both ligand and Eu
III

 complex (Figure 3.34). 
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Figure 3.34 DSC-TG analysis curves for the ligand (left) and Eu

III
 complex (right). 

The 10% weight loss was observed for ligand and its Eu
III

 complex at 462 and 317 C, 

respectively. The observed high thermal decomposition temperature for Eu
III

 complex is similar 

to that of the related documented -diketonate coordinated Eu
III

 complexes (Eu(DBM)3IPD–

PPO, Eu(AITFBD)3phen and Eu(DBM)3(DPPZ) (5 wt%)) [42, 43]. It is also worth to note that 

the thermal decomposition temperature of the Eu complex is higher than that of DBM 

(dibenzoylmethanate) coordinated Eu
III

 complex (Eu(DBM)3IPD) [44]. It clearly signifies that 

the currently synthesized red emitting Eu
III

 complex is promising candidates for further 

investigations. Eu(TTA)3Phen-Fl-TPA complex shown three stages of thermal decompositions 

and the corresponding temperatures are 278 (range 270-301 C, minor), 319 (range 304-392C, 

major) and 449 C. The thermal decomposition temperature of ligand Phen-Fl-TPA (>400 C) is 

higher than that of the corresponding Eu
III

 metal complex. 

More importantly, the second stage where there is a major weight loss started at 304 °C, 

completed at 392 °C and reached the largest rate at 319 °C.  This is attributed to the elimination 

and/or decomposition of ligand fragments such as TTA moiety, TPA and fluorene groups in the 

Eu
III

 complex [45, 46]. The DSC curve showed specific heat or glass transition temperature of 

the ligand and EU
III complex at 201 and 251C, respectively. This was due to the sample 

undergoing a change in heat capacity; no formal phase change was observed. The transition from 

amorphous to crystalline solid is observed at 283 C. This is happens because the molecules may 

obtain enough freedom of motion to spontaneously arrange themselves into a crystalline form at 

some point which is known as the crystallization temperature. These DSC-TG results are 

suggesting that the Eu(TTA)3Phen-Fl-TPA complex have high thermal decomposition 

temparature ( 250 C).  

3.3.3.1.3 Structural Characterization: 

The crystal data and structure refinement parameters are presented in Table 3.12. The 

structure of the ligand is mentioned in Figure 3.35. The TPA consisted N atom bonded phenyl 

groups are placed in different plane (out of 3, 3 are dissimilar). The obtained ground state 

optimized structure of Phen-Fl-TPA ligand and its single crystal structure were well matching 

(Figure 3.35). The bond lengths and bond angles from the single crystal XRD data of Phen-Fl-

TPA ligand are shown in Table 3.ST3 and 3.ST4. It is worth to note that the several attempts 
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which were made for growing single crystal of Eu complex in different solvents and mixtures / 

combination of solvents have failed. 

 
Figure 3.35 ORTEP molecular structure of Phen-Fl-TPA (50% probability ellipsoids; H atoms 

and cocrystallized solvent molecules are omitted). Heteroatom: N, blue [CCDC 1450296] (left), 

The ground state optimized structure (right). 

Table 3.12 Crystal data and structure refinement parameters of ligand. 

Parameter                                                  Phen-Fl-TPA 

Empirical formula  C48H37N5  

Formula weight  683.83  

Temperature/K  293(2)  

Crystal system  triclinic  

Space group  P-1  

a/Å  11.1077(5)  

b/Å  11.9637(6)  

c/Å  15.1543(8)  

α/°  95.659(4)  

β/°  91.562(4)  

γ/°  110.298(5)  

Volume/Å
3
  1875.50(16)  

Z  2  

ρcalcg/cm
3
  1.211  

μ/mm
-1

  0.072  

F(000)  720.0  

Crystal size/mm
3
  0.224 × 0.193 × 0.066  

Radiation  MoKα (λ = 0.71073)  

2Θ range for data collection/°  3.66 to 56.64  

Index ranges  -14 ≤ h ≤ 7, -13 ≤ k ≤ 15, -19 ≤ l ≤ 19  

Reflections collected  10584  

Independent reflections  8028 [Rint = 0.0219, Rsigma = 0.0704]  

Data/restraints/parameters  8028/0/480  
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Goodness-of-fit on F
2
  1.045  

Final R indexes [I>=2σ (I)]  R1 = 0.0795, wR2 = 0.1650  

Final R indexes [all data]  R1 = 0.1590, wR2 = 0.1980  

Largest diff. peak/hole / e Å
-3

  0.20/-0.20  

3.3.3.2 Photophysical properties: 

3.3.3.2.1 UV-Visible absorption and DRS studies: 

The UV-Visible absorption spectra of ligand Phen-Fl-TPA, Eu(TTA)3 and Eu-complex 

were carried out in solution (chloroform solution conc. 1.0 × 10
-5

 mol L
-1

), thin film and in the 

solid phase are shown in Figure 3.36 (right). The absorption spectrum of ligand shows absorption 

band from 250 to 420 nm with max values of 358 and 279 nm, these bands are attributed to the 

→* transitions. The theoretically calculated UV-spectra in gas/solution phase also support the 

experimental findings (Figure 3.36 (left)). The absorption spectra of the starting materials (TTA, 

TAP, Phenathroaline and fluorene-alkyl) have also been given for reference in Figure 3.S16. 

Similarly the europium complex also showed the peak maxima values at 343 and 275 nm, while 

in the case of Eu(TTA)3, the peak maxima values at 340 and 273 nm, respectively. 

The Eu
III

 complex absorptions are very similar to that of the ligand as well as Eu(TTA)3 

and the results are tabulated in Table 3.14. The comparative study of absorption spectra of the 

Eu
III

 complex of solid, solution and thin film (the observed flat absorption in the spectrum from 

430 nm to 800 nm is due to an instrumental artefact) have been made, and absorption maximum 

shift to longer wavelength for solid phase as compared to that of the complex in solution and thin 

film. The observed bathochromic shift in the absorption spectra is due to the aggregation of the 

complex in the solid phase [24, 25]. As mentioned in the previous section that the band gap were 

calculated for all the compounds by converting the UV-Visible data into Kubelka-Munk function 

[22, 23].
 
The acquired spectrum was converted to Kubelka-Munk function ( = F(R), equation 

2.1). 

      

Figure 3.36 The UV-Vis absorption spectra of a) Eu(TTA)3Phen-Fl-TPA comparison study  in 

solution, thin film as well as in solid (left). b) The Phen-Fl-TPA ligand absorption spectra 

theoretically calculated (right). 
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3.3.3.4.2 Photoluminescence studies: 

The radiative emission is dependent upon on the population of ligand triplet state as well 

as the excited state of the Eu
III

 complex energy levels. When the ligand is excited, the excited 

energy of the ligand is transferred to the Eu
III

 excited states and the emission occurs from lowest 

excited state (
5
D0 level) of Eu

III
 ion with different colors, but the intensity of the red and orange 

emission (electric or magnetic dipole transition) is depends on the local site symmetry of Eu
III

 

ion present in the complex. The excitation and emission spectra were recorded for the ligand and 

its Eu
III

 metal complex in solution, thin film and solid.   The ligand, Phen-Fl-TPA emission 

spectrum shows emission at around 443 nm (Figure 3.37a) under 280, 294, 305 and 365 nm 

excitation wavelengths in solution. The PL excitation spectrum shows multiple absorption in the 

near UV region (325 and 397 nm), under the monitoring emission wavelength 443 nm. In the 

case of solid phase, the ligand shows blue emission (456 nm) under different (280, 305, 332, 365 

nm) excitation, whereas the excitation spectrum shows broad absorption in the near UV region 

(332 and 365 nm) under the emission monitoring wavelength 456 nm (Figure 3.37b).  

    
Figure 3.37 The PL excitation and emission spectra of Phen-Fl-TPA in (a) chloroform solution 

and (b) solid phase. 

    
Figure 3.38 The solvent effect of Phen-Fl-TPA of PL in different solvents. 



Chapter 3 
 

123 

 

To understand further the solvent effect, further the solvatochromism studies were carried 

out (details mentioned in the previous section: 2.3.3.1.3). The ligand emission was monitored in 

different solvents, and the emission of solvent-dependent aggregation was observed. The 

emission shifted from 420 to 490 nm by changing from toluene to ACN, Figure 3.38. Stoke’s 

shift ̅ of Phen-Fl-TPA versus the Lippert solvent parameter Δf = f(ε) – f(n
2
). The numbers 

refer to the solvents in Table 3.13. The straight line represents the best linear fit to the 7 data 

points (Figure 3.39). There is close to linear relationship [correlation coefficient R2
 = 0.1869, slope 

= (6.598) × 103
 cm-1, intercept = (1.526) × 103

 cm-1. 

 
Figure 3.39 Stoke’s shift ̅ of Phen-Fl-TPA versus the Lippert solvent parameter Δf = f(ε) – 

f(n
2
). The straight line represents the best linear fit to the 7 data points. 

Table 3.13 PL spectral data of ligand in various solvents 

S.No. Solvent λabs (max) in nm λem (max) in nm Stoke’s shift (̅) in cm
-1

 

1 Toluene 318 424 7900 

2 DCM 291 430 11100 

3 THF 297 434 10600 

4 CHCl3 298 443 11000 

5 MeOH 315 446 9300 

6 DMF 286 475 13900 

7 ACN 314 491 11500 

 

The excitation and emission spectra of Eu-complex is shown in Figure 3.40. The broad 

absorption band (due to ligand  - * electronic transition) was observed for Eu(TTA)3 Phen-Fl-

TPA in solution with peaking wavelength 405 nm.  However, the excitation (at 394 and 465 nm) 

due to Eu
III

 was not clearly observed due to the overlap with ligand absorption band. The 

emission spectrum (Figure 3.40a) shows red emission at 612 nm, irrespective of the excitation 

wavelength (275, 296, 343 and 358 nm) for solution.  The emission comparison of Eu
III

 complex 

and Eu(TTA)3 is showed similar emission peaks (~612 nm). It is also equally important that the 

Eu complex solid PL emission characteristics study. The Eu
III

 complex shows red emission under 

280, 365 nm excitation wavelength (Figure 7b) with appropriate CIE color coordinates in solid 

phase (Figure 3.40b). The Eu
III

 complex in solution, solid and thin film (spin coated on a glass 

substrate), show characteristic emission peaks, due to the intra-configurational 
5
D0 -

7
FJ (J = 0 - 4) 
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electronic transitions. When the ligand emission wavelength is used to excite the Eu
III

 complex, 

emissions appear at 580, 592, 612, 652 and 703 nm, due to 4f - 4f electronic transitions of Eu
III

 

ion (
5
D0-

7
F0, 

5
D0-

7
F1, 

5
D0-

7
F2, 

5
D0-

7
F3 and 

5
D0-

7
F4). It is indirect evidence that the energy transfer 

occurs from the ligand to Eu central metal ion.  

    

Figure 3.40 The PL excitation (left) and emission (right) spectra of Eu(TTA)3Phen-Fl-TPA 

complex in a) chloroform solution (conc. 1.0 × 10
-5

 mol L
-1

), b) solid phase. 

The Eu
III

 complex exhibits characteristic red emission from the center metal ion under 

358 nm excitation. The observed emission line at ~580 nm (single peak) due to 
5
D0-

7
F0 transition 

indicates that all Eu
III

 ions in the structure occupy a site of the same symmetry and experience 

the similar crystal field perturbation. The emission lines at around 580 and 652 nm are weak and 

their corresponding 
5
D0-

7
F0, 

5
D0-

7
F3 transitions are forbidden both in magnetic and electric dipole 

systems [26]. The emission intensity of the magnetic dipole (MD) transitions (
5
D0-

7
F1) intensity, 

when Eu
III

 ion occupies center of symmetric site and this MD transition is independent of the 

coordinate environment. The most intense induced electronic dipole transition 
5
D0 - 

7
F2 is 

observed at 612 nm and the intensity is very sensitive to the local chemical environment of Eu
III

 

ion. The Eu
III

 ion in the complex has stronger interactions with its local ligand environment, the 

local environment of the Eu ion sense to be more non-symmetrical. In the present study, the 

intensity of the electric dipole transition is more intense.  

Table 3.14 The UV-absorption and PL emission data of synthesized Eu
III

 complex and ligand. 

S.No. Compound max (abs) (nm)  

 Solution
a b

             Thin film
c
 

      ex 
a
 

       (nm)  

   em 
a d

 

       (nm)  

PL QY      

  (%) 

1 Eu(TTA)3Phen-

Fl-TPA                                                            

275, 296, 306, 

343 

 299, 346 275, 296, 

343, 358 

580, 592, 

612, 652, 702 

 34.1 

2 Phen-Fl-TPA 279,  295, 307, 

358 

    --.-- 280, 294, 

305, 325, 365 

443   --.-- 

3 Eu(TTA)3 273, 340     --.-- 275, 340 580, 592, 

612, 652, 703 

  --.-- 

a 
measured in chloroform solution at 298 K, 

b
absorption  peaks from the UV-Vis absorption spectra. 

c
emission peaks from photoluminescence emission spectra. 
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The europium ion site symmetry or asymmetric ratio was calculated from the integration 

emission intensity ratio of the 
5
D0-

7
F2 transition to 

5
D0-

7
F1 transition (I2/I1).

[31,32]
 The intensity 

ratio (I2/I1) of the Eu
III

 complex in solution, thin film and solid are 18.2, 9.35 and 4.88, 

respectively. These ratios are also indicating that the Eu
III

 ion occupied non-center of symmetry 

site and it is very much clear that Eu
III

 ion and ligand have strong coordination interaction. The 

calculated intensity ratio (I2/I1) of Eu(TTA)3 was around 11.5. The Eu
III

 complex in solution was 

showed high intensity ratio than Eu(TTA)3. The comparative PL emission study of the complex 

in solution, thin film and solid phase have been executed and these were showed similar results 

with 612 nm intensive emission peak. A small change in emission spectral wavelength was 

observed between solution, thin film and solid emission spectra which is negligible. These 

results are conclude that the energy transfer from the ligand to central Eu
III

 metal ion is efficient 

in Eu(TTA)3Phen-Fl-TPA. 

3.3.3.2.3 Energy transfer mechanism: 

As mentioned in the previous section that to further understand the energy transfer 

between singlet (
1
ππ*) and triplet (

3
ππ*) energy levels of ligand as well as resultant red emission 

from Eu
III

 metal ion by means of triplet (
3
ππ*) to 

5
D0 level energy transfer one need to know the 

exact location of the excited levels.  The theoretical calculations were performed to calculate the 

singlet and triplet energy state values by DFT and TD-DFT. The energy transfer mechanism and 

the structural representation for energy transfer from fluorene and TTA to Eu
III

 ion is shown in 

Figure 3.41a, b. The theoretical data of the Phen-Fl-TPA, Show the singlet and triplet energy 

levels are shown at 25,624 (3.17 eV) and 20,873 cm
-1

 (2.58 eV), respectively. It is also 

documented that the singlet and triplet energy level of the TTA are located at around 25,164 

(3.12 eV) and 18,954 cm
-1

 (2.35 eV) [27]. In present study, the synthesized Eu
III

 complex shows 

red emission due to efficient energy transfer from both the bidentate ligand as well as TTA to 

center metal ion. As mentioned earlier the Eu
III

 metal ion excited 
5
D0 energy level is located at 

17,500 cm
-1 

[28, 29].  

 

Figure 3.41 a) Schematic diagram for ligand to Eu
III

 center metal ion energy transfer mechanism 

(S = singlet, T = triplet, ET = energy transfer (dotted arrow is non-radiative,   is radiative). b) 

energy transfer from fluorene and TTA moiety to Eu
III

 metal ion. 
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The triplet state energy level is higher than that of 
5
D0 energy level of the Eu

III
 complex 

(around 3,373 cm
-1

) and it is clearly indicating that the energy gap (ΔE) between triplet state of 

the ligand and 
5
D0 energy level of Eu

III
 ion, facilitates the energy transfer from the ligand to Eu

III
 

ion. These results are also supportive according to the Latva et al., investigations (difference 

between ligand (
3
ππ*) and the Eu excited state (

5
D0) should be > 2,500 cm

−1
) [30]. In addition, 

singlet state should be located higher than >25,000 cm
−1

 and triplet state located higher than 

20,000 cm
−1

. These details are indicating that the efficient energy transfer occurs from the ligand 

triplet excited state to 
5
D0 excited level of Eu

III
 ion. Finally, it reaches to the ground state as a 

radiative red emission (
5
D0-

7
F2). It Is also supported by Reinhoudt’s empirical rule [31].

 
In 

addition, in this energy transfer mechanism TTA excited singlet and triplet state can act as a 

transitional state between the singlet to triplet excited states of the ligand and the triplet excited 

state to excited 
5
D0 level of Eu

III
 ion, respectively. The results are suggesting that these moieties 

are potential components to achieve red emission with high luminescence efficiency.   

The ligand, Eu(TTA)3 and Eu(TTA)3Phen-Fl-TPA under normal light and UV-lamp (365 

nm), Figure 3.42. Ligand and Eu
III 

complex shows blue and red color, respectively. The Eu
III

 

complex under UV-light in the form of thin film and solid phase are mentioned.  

 
          

Figure 3.42 Under normal light (a) Eu(TTA)3Phen-Fl-TPA (b) Phen-Fl-TPA (c) Eu(TTA)3 and 

under UV (365 nm) lamp a1, b1, c1 as well as thin film (e) and solid phase (f).                

3.3.3.2.4 Photoluminescence quantum yield: 

As mentioned in the previous chapter, by using equation 2.2 and 2.3, the quantum yield 

(φ) can be obtained. The absolute PLQY was measured in chloroform solution. The obtained 

PLQY is supporting the efficient energy transfer from ligand to center Eu
III

 metal ion. The PLQY 

of the Eu(TTA)3Phen-Fl-TPA showed 34.1 % upon excitation at 358 nm. The encouraging 

results are due to the presence of chromophore (amines and fluorene) groups which directly 

involved for the sensitization process for the Eu
III

 ion in complex. Hui Xu et al., [47] 

experimental results are also suggesting that the introduction of chromophores can improve the 

PL properties of the complexes is cause steric effects and decrease intra molecular energy 

transfer efficiently. The gained QY is nearer to the Eu(TTA)3Phen in DMF (36.5%) [48]. In 

addition, the obtained QY is higher than that of the related DBM coordinated Eu
III

 complexes 

[Eu(DBM)3LN (N = 1-3 )] [49]. This result was matching with some of the TTA associated aryl 

phosphine oxide Eu
III

 complexes ([Eu(TTA)3(TMOADPO)2, Eu(TTA)3(EtCzDPO)2 and 

Eu(TTA)3(PhCzDPO)2) [50]. 

3.3.3.2.5 Lifetime and Jodd-Ofelt investigations: 

Lifetime decay curve analysis of Eu
III

 complex and ligand is represented in the Figure 

3.43. The measured data was fitted with the single exponential function given by the equation 
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𝐼(𝑡) = 𝐼0 + 𝐴1 exp  (
−𝑡

𝜏
), where A1 is the scalar quantity obtained from the curve fitting, I0 = 0 

is the offset value, t is the time in ms and τ is the decay time value for the exponential 

component. In order to better understand the luminescent properties of the Eu complex in the 

CHCl3 solution and solid state, luminescence decay curves of the 
5
D0 excited state were 

measured at 298 K by monitoring the most intense emission lines (
5
D0 → 

7
F2) of the Eu-ion 

center at 612 nm, and under 360 nm excitation. In addition, to further understand the solvent 

effect, the lifetime was investigated in various solvents (Acetone, DCM, DMF, THF) with 

different polarity. The exhibited mono exponential behavior of Eu
III

 complex is indicative of the 

presence of a single chemical environment around the europium ion.  The luminescent lifetime 

values (τ) of Eu(TTA)3Phen-Fl-TPA and respective ligand (Phen-Fl-TPA) were found to be 0.53 

ms and 5.93 x 10
-3

 ms (in CHCl3 solution), and 0.66 ms and 1.38 x 10
-3

 ms (in solid state), 

respectively. Lifetime of the Eu
III

 complex in solid was higher than that of CHCl3 solution, 

which is due to reduce the non-radiative transitions in solid phase. The lifetime changes were 

observed in different solvents and shown decreased in the order of DMF (0.46) > THF (0.42) > 

DCM (0.38) > Acetone (0.37) (Table 3.15). 

 
Figure 3.43 Decay curves of luminescence of Eu(TTA)3Phen-Fl-TPA at 612 nm in CHCl3 and 

Solid. 

Table 3.15 Observed luminescence lifetimes τobs and intensity parameters of synthesized Eu
III

 

complex and corresponding ligand. 

S. 

No. 

Compound Intensity  parameters 

(10
-20

 cm
2
) 

τ / ms 
a
 

Ω2 Ω4 Solid CHCl3 DMF THF DCM Acetone 

1 Eu(TTA)3Phen-

Fl-TPA                                                            

3.36 0.44 0.66 0.54 0.46 0.42 0.38 0.37 

2 Phen-Fl-TPA 

(10
-3 

ms) 

---.-- --.-- 1.38 5.93 4.23 4.47 2.79 4.26   

a
 The decay curves were found to be mono-exponential for the β-diketonate europium(III) complex and 

its ligand.
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The interaction parameters of ligand fields are given by the Judd–Ofelt parameters Ωλ 

(where λ = 2, 4 and 6). Among all transitions of Eu
III

 ion, the 
5
D0 → 

7
F0,3,5 transitions are 

forbidden, both in magnetic and electric dipole systems (S(ED) and S(MD) = zero). From these 

intensity parameters, the Ω2 (
5
D0→ 

7
F2) was found to be more sensitive to the symmetry and the 

hypersensitive ratio (R) reveal similar physical implication of the symmetric/asymmetric and 

covalent/ionic bonding environment between Eu
III

 ion and the surrounding ligand moiety [51, 

52]. The intensity parameter Ω4 (
5
D0→ 

7
F2) is less sensitive to the coordination sphere than Ω2 

and its value reflects the chemical environment rigidity surrounding the Eu
III

 ion. The 
5
D0 to 

7
F1 

(J=1) transition is the isolated magnetic dipole transition and has no electric dipole involvement, 

which is practically independent of the ion’s chemical environment and henceforward can be 

used as a reference for estimation of J–O intensity parameters. The experimental intensity 

parameters (Ω2 and Ω4) for typical Eu
III

 complex was determined from the emission spectra, 

based on the 
5
D0→ 

7
F2 and 

5
D0→

7
F4 electronic transitions (Table 3.15). The transition 

5
D0→

7
F6 

transition is not observed experimentally, thus the experimental Ω6 parameter cannot be 

predictable. The details of the J-O parameter calculations have been mentioned in Chapter 2 

(2.2.3.2.4).  

3.3.3.3 Electrochemical Properties: 

The redox properties of Eu
III

-complex and ligand are considerable importance, since they 

give the foremost information about the HOMO and LUMO energy of the 

molecules/compounds. The ligand onset potential is 1.34 eV and the corresponding Eu
III

 

complex onset potential is 1.25 eV, respectively (Figure 3.44). The details of reduction wave 

with onset potentials data’s are listed in Table 3.16. The HOMO and LUMO energy levels were 

calculated by using equation 2.9 and 2.10. HOMO and LUMO energy levels of the Eu
III

 complex 

are -5.65 and -2.87 eV; ligand is -5.74 and -2.81 eV, respectively. The Eu
III

 complex 

demonstrated energy gap around 2.8 eV and ligand is around 2.9 eV. The ligand can be used as a 

host, owing to their HOMO-LUMO values which are almost similar to the host materials like 

CBP [53]. In addition, the energy gap of Eu
III

 complex is lesser than ligand.  

 
Figure 3.44 Cyclic voltammogram of Eu

III
 -complex and ligand. 
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The band gaps which are calculated from DRS spectra are almost matching with the 

cyclic voltammogram results. For ligand, the calculated HOMO – LUMO energy by DFT frame 

work using B3LYP/6-31G (d, p) level of theory were equivalent to CV analysis shown in Figure 

3.45. However, the narrow energy gap of the Eu
III

 complex is a better sign further application. As 

far as we know, the LUMO and HOMO energy levels reported so for TTA and phenanthroline 

consisted Eu
III -complex (Eu(TTA)3Phen) are positioned at -3.1 and -6.3 eV with respect to the 

vaccum level [53]. Compared with Eu(TTA)3Phen, our complex showed increment in the EHOMO 

value about 0.42 eV. This is one of the interesting results for TTA and Phen consisting Eu
III

 

complexes. In addition, the energy gap of the europium complex is close to related TTA 

coordinated Eu complexes (Eu(TTA)3L (L=PyPhen, MPP, DPPz, MDPz and DDPz). 

Table 3.16 Electrochemical properties of the Eu
III 

complex  and ligand. 

S.

No. 

    Compound 𝐕𝐨𝐥𝐭𝐚𝐠𝐞𝐨𝐧𝐬𝐞𝐭
𝐎𝐱𝐢  (V) 𝐕𝐨𝐥𝐭𝐚𝐠𝐞𝐨𝐧𝐬𝐞𝐭

𝐑𝐞𝐝  (V) 

  ( EHOMO (eV) )       ( ELUMO (eV) )             

      onset,   

       (nm)  

Energy gap  

𝑬𝒈
𝑶𝒑𝒕

,  (eV)
a
 

1 Eu(TTA)3Phen-Fl-TPA  1.25 ( -5.65 )                     -1.53 ( -2.87 )  441    2.81 ( 2.78 ) 

2 Phen-Fl-TPA  1.34 ( -5.74 )     -1.59 ( -2.81 )     421    2.94 ( 2.93 ) 
a
Calculated the onset wavelength of optical absorption (onset) in solid-state film (DRS spectra).  In 

bracket, mentioned their energy difference (HOMO and LUMO) value calculated by cyclic 

voltammogram. 

 
Figure 3.45 the calculated HOMO – LUMO (left – right) energy orbitals by density functional 

theory (DFT) 
 
frame work using B3LYP/6-31(G) level of theory of Phen-Fl-TPA. 

3.3.3.4 CIE Chromaticity coordinates: 

The Commission International de Eclairage (CIE) chromaticity coordinates were 

calculated in solution for both ligand and EU
III complex from emission spectral data’s (λex = 358 

nm). Figure 3.46 shows the calculated CIE color coordinates are x = 0.62 and y = 0.36 

(Eu(TTA)3Phen-Fl-TPA), x = 0.16 and y = 0.17 (Phen-Fl-TPA), x = 0.66 and y = 0.33 

Eu(TTA)3. The calculated CIE values for the solid samples are given in Figure 3.46 (right). Eu
III

 

complex exhibited red color in the CIE gamut color space.  
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Figure 3.46 The CIE chromaticity coordinates for 1) Eu(TTA)3Phen-Fl-TPA, 2) Phen-Fl-TPA 

and 3) Eu(TTA)3 (left) solid samples CIE chromaticity coordinates (right). 

3.4 Summary and Conclusion:  

In conclusion, successful incorporation of Ph, mCF3, pCF3 and Fl moiety in 

phenanthroimidazole ligands were achieved and their efficient -diketonate Eu
III

 complexes have 

been synthesized, spectroscopically characterized.  The photophysical, electrochemical 

properties have been investigated, to know the effect of the substitution in the ligand. All the 

ligands and complexes show similar UV-Visible absorption behaviour ( - *, at ~270, ~360 

nm). DFT calculations were supportive of the experimental outcomes. Eu-complexes and its 

ligands PL study were carried out in solution form as well as in solid and thin film. The study 

indicates that the Eu-complex emits tunable emission due to incomplete/partial energy transfer 

(white (solution), red (solid)), whereas fluorene decorated Eu-complex shows narrow band red 

emission with appropriate CIE color gamut. The calculated asymmetric ratio (I2/I1) clearly 

indicates that the Eu
III

 ion located in the non-centro symmetric site or the local chemical 

environment is asymmetric in nature. The obtained PL emission clearly indicates that the 

efficient energy transfer encountered in case of fluorene based complex. The energy transfer 

mechanism for all the Eu-complexes was proposed based on combined experimental and 

theoretical study (DFT, TD-DFT). The PL lifetime of the Eu
III

 complexes also supports the 

emission behaviour. The calculated band gap of the complex by DRS and CV are almost similar. 

The Judd–Ofelt spectral intensity parameters, electrochemical study and absolute QY (mCF3 

based Eu-complex shows better QY of 75.9 %) of the Eu-complexes were also been investigated. 

White and red LED was fabricated using these complexes with near UV LEDs (395 nm). These 

promising properties are suggesting that the synthesized EU
III molecular complex is potential red 

emitters for white LEDs and can be used a ratiometric temperature sensor.  
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Chapter 4 

Carbazole and fluorene functionalized phenanthro-imidazole ancillary ligand 

based Eu
III

 complexes for LEDs: detailed photophysical and theoretical study 

 

Abstract  

The efficient -diketonate red emitting carbazole-based Eu
III

 complexes were synthesized 

and their photophysical, electrochemical properties were also been investigated. The PL study 

indicating that the efficient energy transfer from ligand to Eu
III

 metal ion (dominant pathway) 

with appropriate CIE color gamut and time-dependent density functional theory (TD-DFT) also 

confirms the identical. The Judd-Ofelt theory to the emissive properties of Eu
III

 complexes was 

investigated. The Eu(TTA)3Phen-Fl-CBZ complex shown better lifetime was found to be 0.64 

ms. The absolute PL quantum yield (QY) of the complexes in solid is found to be 77.3 % and it 

possesses high thermal decomposition temperature (235C). The Judd-Ofelt intensity and related 

parameters were calculated for two complexes. The electrochemical analysis was shown narrow 

band gap energy (HOMO and LUMO). The PMMA film study of the complexes showed 

enhanced results than the solution. The fabricated Eu complexes with 395 nm emitted LED 

(InGaN) chips under 20 mA forward-bias current shown pure red emission and the 

corresponding CIE color coordinates are x = 0.66, y = 0.33. The obtained pure red emission is 

superior as compare to that of the solution and solid form of the complexes and the results are 

shown the presently investigated complexes find potential application in warm white LEDs. 

 

Keywords: carbazole (CBZ); t-butyl CBZ; luminescence; energy transfer; warm white LED 
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4.1 Introduction: 

The red emitting based europium (Eu) molecular complexes have gained ample attention 

for display technology and red, green and blue (RGB) utilities for lighting and smart display 

applications. The emergent global energy disaster and the novel utilities are demanding high 

energy efficient lighting systems which can reduce the energy consumption. Solid state lighting 

(SSL) based white LEDs are shown less energy consumption than the traditional lighting 

sources. However, warm white LEDs need a pure red component (full width at half maximum 

(FWHM) as small as possible to gain enhanced external output) in the white LED spectrum. To 

accomplish the same visible light (near UV to blue) excited red emitting Eu complexes as a red 

phosphor materials gained much attention [1-4]. It is well-known that the non-center of 

symmetry and highly distorted structure favors the electric dipole transition character of the Eu
III

 

complex leads to sharp high intensive red emission. In addition europium, other lanthanides such 

as samarium (Sm) and praseodymium (Pr) also known to show orange-red emission arises from 

4f - 4f electronic transition [5-9]. However, to get the pure red emission among the lanthanides; 

Eu metal ion with distorted local structure is applicable due to its outstanding properties like 

large Stokes shifts, long luminescence lifetime and its phosphorescent emission character [10, 

11]. The efficient direct population of Eu
III

 ion excited states is not possible, since the oscillator 

strength of the absorption band is very weak and requires indirect population via antenna/ligand 

absorption that can populate the Eu excited state assorted by energy transfer [12, 13]. It leads to 

get up to 100% internal quantum efficiency [14].  

The arylamine moieties or hetero cyclic compounds are attractive emissive resources 

towards to get the characteristic bright red emission with a less full width half maximum and also 

same is expected to improve the hole injection/transporting properties of the emissive materials 

in the light emitting device [15, 16]. It is well documented that the carbazole (CBZ, hole), 

phenanthroline (Phen, electron) are best transporting moieties and dibenzoylmethane (DBM) as 

an antenna. The inclusion of these moieties in the ligand structure (imidazole, oxadiazole, 

triazole and phospheneoxide as a core), different LED’s and OLED’s were constructed to 

produce the high efficient bright red emission with high quantum efficiency [17-21]. Even 

though obtained outcome results of devices were not satisfactory to achieve the desired 

efficiency. The good carrier transporting properties (less mobility of electrons than holes) of 

these complexes was one of the major reasons to get promising results. However, still focused 

research is necessary in the proactive design of Ln complex, in order to improve the charge 

balance leads to improve the quantum efficiency as well as the color purity of the device. In 

addition, it is also essential to understand that the energy transfer process between ligand triplet 

(
3
ππ*) to 

5
D0 level of Eu

III
 metal ion to achieve the pure bright red emission.  

4.2 Carbazole and fluorene functionalized phenanthro-imidazole ancillary ligand based 

Eu
III

 complexes for LEDs: 

4.2.1 Outline of the present study: 

It is well accepted that the inclusion of charge transporting moieties in the emissive 

materials will certainly improve the overall quantum yield and device performance of the 

OLEDs.  In addition, incorporation or functionalization of multi chromophoric group in the back 

bone of the emissive complexes will increase the absorptions strength as well as extend the 

absorption edge towards near UV to blue region, where the LED emission occurs. In the 
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previous chapter, using phenyl (Ph), triphenylamine (TPA) decorated phenanthro-imadazole 

ligands can lead to efficient Eu complexes [22, 23]. The further increment of the internal 

quantum efficiency of the bipolar ligand is highly necessary to obtain highly efficient Eu 

complexes. In this study, we have used CBZ as a functional moiety to enhance the luminescence 

efficiency as well as the charge transporting properties in the device. In the current study, CBZ 

and Phen based consequences were made by using 2-thenoyltrifluoroacetone (TTA) as an 

antenna named were Eu(TTA)3Phen-Fl-CBZ (1Eu) and Eu(TTA)3Phen-Fl-CBZ-t-But (2Eu) with 

novel bipolar ligands Phen-Fl-CBZ (2-(4-(9H-carbazol-9-yl)phenyl)-1-(9,9-diethyl-9H-fluoren-

2-yl)-1H-imidazo[4,5-f][1,10]phenanthroline, 1L) and Phen-Fl-CBZ-t-But (2-(4-(3,6-di-tert-

butyl-9H-carbazol-9-yl)phenyl)-1-(9,9-diethyl-9H-fluoren-2-yl)-1H-imidazo[4,5f][1,10] 

phenanthroline, 2L). The inclusion of the bulky t-butyl groups expecting to reduce self-

quenching and phase separation in the device, it leads to the longer lifetime operations [24, 25].  

TTA acts as efficient energy transfer to Eu
III

 central metal ion and it may increase the 

decay time by decrease the vibrational quenching. It is very much anticipated that the designed 

ligand can act as a dual characteristic, that bipolar nature and antenna for the presently designed 

Eu
III

 complexes (Figure 4.1). The ancillary ligand was optimized by using theoretical model 

(DFT calculation). The energy level location (singlet and triplet levels) also been calculated by 

using TD-DFT, which is used to analyze the energy transfer process from ligand to Eu
III

 metal 

ion in the complexes. In order to show the potentiality of the currently synthesized complexes, 

efforts have been made to fabricate red LED conjugated with commercially available near-UV 

LEDs. The characteristic sharp red emitting Eu
III

 complexes were obtained from the fabricated 

LEDs (complex conjugated with UV-Visible InGaN LED chip (395 nm)). The corresponding 

CIE (Commission International de Eclairage) color coordinates were calculated, which are well 

matched with National Television Standard Committee (NTSC) standards.  
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Figure 4.1 Chemical structures of bipolar ligands connected Eu
III

 complexes. 
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4.2.1 Experimental: 

4.2.1.1 General Information for synthesis:  

The details of starting materials for the synthesis and electrolyte materials used in 

the CV were included in Chapter 2. (Experimental section). Carbazole (CBZ) was 

purchased from the Sigma-Aldrich. 

4.2.1.2 Measurements:  

The detailed characterization techniques that are used for the characterization of 

ligands and respective complexes were mentioned in Chapter 2. (Experimental section). 

4.2.1.3 Preparation of PMMA thin film with complexes: 

The Eu
III

 complex was doped with PMMA in 0.1, 0.5 and 1% ratio (PMMA : Eu
III

 

= 99.99 : 0.1, 99.95 : 0.5, 99 : 1 in mg) by using chloroform solution with spin coated by 

two stages were at 500 (20 sec) and 2000 rpm (30 sec), respectively. The prepared thin 

films were kept under vacuum at 50 °C for 3hrs to get excess solvent evaporation.  

4.2.1.4 Synthesis: 

The compounds 9,9-diethyl-9H-fluoren-2-amine (1-3), 1,10-phenanthroline-5,6-dione (2-

1) and tris(thenoyltrifluoroacetone)europium(III) (Eu(TTA)3·2H2O) were synthesized according 

to previous reported procedures [22]. 3,6-di-tert-butyl-9H-carbazole synthesized by well-known 

friedel craft alkylation method [28].  

4.2.1.4.1 Synthesis of 4-(9H-carbazol-9-yl)benzaldehyde (CBZ-Ph-CHO (3-2)):  

In a 250 mL round bottom flask, carbazole (8 gm, 47.84 mmol), potassium carbonate 

(13.2 gm, 95.68 mmol) copper (0.30 gm, 4.78 mmol) 18 – crown – 6 (0.18 gm, 1.43 mmol) and 

4-bromo benzaldehyde (10.6 gm, 57.41 mmol) were refluxed in 1,2-dichlorobenzene (50 mL) for 

48 hrs, under nitrogen atmosphere at 170 
°
C. The inorganic components were filter off while hot 

and then the solvent was evaporated. The crude product was purified by column chromatography 

on silica (EtOAc: pet ether = 1:9, v/v, Rf-6) to afford the product as yellow powder with 11 gm 

(yield: 85.2 %). 
1
H-NMR Data (DMSO-d6, 400 MHz):  10.13 (s, 1H), 8.28 (d, 2H), 8.21 (dd, 

2H), 7.92 (d, 2H), 7.53 (d, 2H), 7.47 (t, 2H), 7.35 (t, 2H). 

4.2.1.4.2 Synthesis of 4-(3,6-di-tert-butyl-9H-carbazol-9-yl)benzaldehyde (t-but CBZ-Ph-CHO 

(3-3)):  

The similar reaction procedure was adopted as above CBZ-Ph-CHO. The product as pale 

brown powder with 65.5% yield. 
1
H-NMR Data (CDCl3, 400 MHz):  10.11 (s, 1H), 8.15-8.11 

(m, 4H), 7.80 (d, 2H), 7.52-7.46 (m, 4H), 1.487 (s, 18H). 
13

C NMR data (100 MHz, CDCl3): δ 

191.0, 143.9, 138.3, 134.1, 131.3, 126.2, 124.0, 123.9, 116.4, 109.3, 34.7, 31.9. 
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4.2.1.4.3 Synthesis of 2-(4-(9H-carbazol-9-yl)phenyl)-1-(9,9-diethyl-9H-fluoren-2-yl)-1H-

imidazo[4,5-f][1,10]phenanthroline (Phen-Fl-CBZ, 1L (4)): 

1-3 (0.124 g, 0.523 mmol) was added to a stirred solution of 3-2 (0.128 g, 0.476 mmol) in 

glacial acetic acid (10 mL) at room temperature. To this reaction mixture subsequently 

ammonium acetate (0.366 g, 4.762 mmol) and 2-1 (0.100 g, 0.476 mmol) were added. Then 

resulting mixture was stirred for 12 hrs at 110 C. The progress of the reaction was monitored by 

TLC (MeOH in Chloroform 1:9, Rf-0.25). The RM was poured into the minimum amount of 

water and then ammonium hydroxide solution was added. Then the formed solid was filtered and 

dissolved in dichloromethane, followed by dried with anhydrous sodium sulphate and the solvent 

was evaporated to get 0.20 g crude compound. The resultant crude compound was purified with 

column chromatography by using silica gel (100-200 mesh), eluent with 2% methanol in 

chloroform and the solvent was evaporated and dissolved in minimum amount of THF solution 

added an excess of hexane, the pale brown color solid was formed. After settling the solid 

decanted and repeated this process three more times to obtain compound-4 (Phen-Fl-TPA) 260 

mg (53.3%) as a pale brown color solid. 
1
H-NMR Data (400 MHz, CDCl3):  9.24-9.19 (m, 2H), 

9.07 (dd, 1H), 8.10 (d, 2H), 8.02 (d, 1H), 7.94 (dd, 2H), 7.87 (dd, 1H), 7.80 (dd, 2H), 7.66-7.62 

(m, 2H), 7.57-7.52 (m, 3H), 7.47-7.47-7.40 (m, 3H), 7.37-7.36 (m, 4H), 7.34-7.26 (m, 4H), 2.15-

2.05 (m, 4H), 0.45 (t, 3H), 0.32 (t, 3H). 
13

C NMR data (100 MHz, CDCl3): δ 150.1, 149.1, 148.1, 

145.0, 144.4, 143.9, 140.4, 139.8, 138.6, 136.3, 136.2, 130.7, 130.5, 128.8, 128.6, 128.1, 127.5, 

127.3, 126.6, 126.0, 124.0, 123.6, 123.5, 123.2, 123.1, 122.0, 121.5, 120.5, 120.3, 120.2, 120.2, 

119.9, 109.6, 56.8, 32.9, 32.6, 8.48, 8.41. EI-MS: m/z exp (calc). 681.83, m/z found 682.29 [M + 

H]
+
. 

4.2.1.4.4 Synthesis of (2-(4-(3,6-di-tert-butyl-9H-carbazol-9-yl)phenyl)-1-(9,9-diethyl-9H-

fluoren-2-yl)-1H-imidazo[4,5-f][1,10] phenanthroline) (Phen-Fl-t-but CBZ, 2L (5)):  

Reaction procedure was adopted for synthesis of Phen-Fl-CBZ. 
1
H-NMR Data (400 

MHz, CDCl3):  9.24-9.21 (m, 2H), 9.07 (d, 1H), 8.11 (d, 2H), 8.03 (d, 1H), 7.93-7.90 (m, 3H), 

7.83-7.80 (m, 1H), 7.67-7.62 (m, 4H), 7.58 (d, 2H), 7.53-7.40 (m, 5H), 7.32-7.25 (m, 2H), 2.10-

2.08 (m, 4H), 1.45 (s, 18H), 0.45 (t, 3H), 0.34 (t, 3H). 
13

C NMR data (100 MHz, CDCl3): δ 

162.7, 152.4, 151.3, 150.3, 149.0, 148.1, 144.5, 143.5, 140.2, 138.4, 136.7, 135.6, 131.3, 130.1, 

128.8, 128.2, 127.6, 127.3, 126.1, 124.2, 123.8, 123.5, 122.7, 122.2, 121.3, 119.9, 117.2, 109.3, 

56.8, 36.2, 35.2, 34.9, 32.2, 8.76, 8.63. EI-MS: m/z exp (calc). 794.04, m/z found 794.46 [M + 

H]
+
. 

4.2.1.4.5 Synthesis of Eu(TTA)3Phen-Fl-CBZ (1Eu):  

Taken a 50 mL two neck round bottom flask with nitrogen containing balloon contained 

adaptor and poured Eu(TTA)3.2H2O (250 mg, 0.293 mmol, 1eq) dissolved in dry tetrahydrofuran 

(THF) (5 mL). The compound Phen-Fl-CBZ (200 mg, 0.293 mmol, 1eq) dissolved in THF (10 

mL) and added to stirred solution of the reaction mixture (RM) then stirred for 12 hrs at room 

temperature. The resulting mixture was concentrated and dissolved in minimum amount of THF 

and added an excess of hexane to get a solid product. After settled of solid, decant and repeated it 

another two times and dried to get pale yellow color solid with 269 mg (60.1%). EI-MS: m/z exp 

(calc). 1497.32, m/z found 1499.14 [M + H]
+
. Elemental analysis: Anal. Calc. for. 
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C72H47EuF9N5O6S3; C, 57.75; H, 3.16; N, 4.68; S, 6.42, Found: C, 57.79; H, 3.20; N, 4.62; S, 

6.39 %. 

4.2.1.4.6 Synthesis of Eu(TTA)3Phen-Fl-t-but CBZ (2Eu): 

Reaction procedure was adopted for the synthesis of Eu(TTA)3Phen-Fl-CBZ. EI-MS: m/z 

exp (calc). 1609.53, m/z found 1627.97 [M + H2O]
+
. Elemental analysis: Anal. Calc. for. 

C80H63EuF9N5O6S3; C, 59.70; H, 3.95; N, 4.35; S, 5.98, Found: C, 59.74; H, 3.99; N, 4.36; S, 

5.97 %. 

4.2.2 Results and Discussion: 

4.2.2.1 Characterization of the complex: 

The process of Eu
III

 complexes synthesis was precise in Scheme 4.1 The compound was 

characterized by nuclear magnetic resonance spectroscopy (
1
H and 

13
C NMR) (Figure 4.S1- 4. 

S6), Mass spectrometry (LC-MS) (Figure 4.S7-4.S8), Fourier transform infrared spectroscopy 

(FT-IR) and elemental analysis and all the measurements were done at room temperature (RT). 
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Scheme 4.1 Synthetic route of carbazole functionalized ligands and their corresponding -

diketonate Eu
III

 ternary complexes. 

4.2.2.2 FT-Infrared spectroscopy: 

The FT-IR spectrum of ligand and its corresponding Eu
III

 complexes were measured in 

the range of 500 - 4000 cm
-1

 (Figure 4.2). The observed strong carbonyl (C=O) stretching 

frequency at 1611 cm
-1

 for the Eu(TTA)3.2H2O complex is shifted further to 1599 and 1598 cm
-1

 

for the 1Eu and 2Eu complexes, respectively.  

 

Figure 4.2 FT-IR spectra of the ligands and their corresponding Eu
III

 complexes. 

The change obtained from FT-IR spectra are the concluding evidence that the -

diketonate (Eu(TTA)3.2H2O) compound coordinated with the neutral ligand. The results that the 

C=N bond is converted into a structure of C=N–Eu-O bond. The vibration frequency due to C=N 

appears at 1599 and 1602 cm
-1

 for the Phen-Fl-CBZ and Phen-Fl-t-but CBZ were shifted to 1537 

and 1532 cm
-1 

for the ligand coordinated Eu
III

 complex, respectively. These outcomes are 

signifying that the N atom in the ligand also coordinates with Eu(TTA)3. The other stretching 

vibrational frequencies were also suggesting the same and tabulated in Table 4.1. 
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Table 4.1 The major infrared frequencies (wavenumber in cm
-1

) at room temperature for free 

ligands, corresponding Eu
III

 complexes, and Eu(TTA)3·2H2O. 

S. 

No. 

Compound  (C=O)         (C=N)  (C-N)  (C-F)  (C-CF3)   (C-H)   

  (phen) 

    (Wavenumber in cm
-1

) 

1.  Eu(TTA)3Phen-Fl-CBZ 1599 1537 1229  1306  1141 751 

2.  Eu(TTA)3Phen-Fl-t-

but CBZ 

1598 1532 1246  1308  1142 811, 738 

3.  Phen-Fl-CBZ   --.-- 1599 1232 --.-- --.-- 743 

4.  Phen-Fl-t-but CBZ   --.-- 1602 1256   --.--   --.-- 809, 741 

5.  Eu(TTA)3.2H2O  1609   --.--   --.--  1296  1133    --.-- 

4.2.2.3 Thermal Properties and PXRD analysis: 

The DSC-TGA of europium complexes and the bipolar ligands were measured under a 

nitrogen atmosphere at the range of ambient temperature to 800

C (Figure 4.3). The TG analyses 

showed that the gradual thermal decomposition occurs for ligands and its Eu
III

 complexes are due 

to the presence of ternary molecules. The ligands 1L and 2L showed major thermal 

decomposition at 440 and 410 

C, respectively. Thermal decomposition of Eu(TTA)3Phen-Fl-

CBZ complex shown in three stage thermal degradation is 253, 308 and 435. However, 

Eu(TTA)3Phen-Fl-t-but CBZ shown different than foremost Eu
III

 complex was 235, 262, 326, 

and 457 

C. It was expected due to the presence of t-butyl groups on carbazole and their 10% 

weight loss are shown around at 265, 235 

C for Eu

III
 complexes, respectively.  

The ligand high thermal stability is due to presence of percentage (%) of the carbon 

bonds are more and additionally, C-C bond is stronger. Gradual decreasing of the 

decomposition/weight loss of Eu
III

 complexes below 200 C is attributed to the elimination of the 

coordinated water and solvent molecules. However, the Eu
III

 complexes consisted metal (Eu) 

ligand coordination bonds (3 moiety’s of TTA and 1 moiety of Phen-Fl-CBZ/Phen-Fl-t-but CBZ) 

and leads to first major decomposition at 235-268 °C with maxima at ~253 °C (8.19 %) 

(Eu(TTA)3Phen-Fl-CBZ) and 247-272 °C with maxima at ~260 °C (19.94 %) (Eu(TTA)3Phen-

Fl-t-but CBZ), respectively; which is attributed to the elimination of the TTA molecules from the 

Eu-complex. Similarly the immediate decomposition also belongs to the same and observed at 

282-346 °C with maxima at ~308 °C (Eu(TTA)3Phen-Fl-CBZ) and 290-357 °C with maxima at 

~323 °C (Eu(TTA)3Phen-Fl-t-but CBZ), respectively. It indicates that the TTA decomposition 

happens in the range of 235 to >350 °C. The similar results were observed from the reported 

literature [29, 30].  

The final decomposition in the range of 378-476 °C with maxima at ~435 °C 

(Eu(TTA)3Phen-Fl-CBZ) and 392-503 °C with maxima at ~441 °C (Eu(TTA)3Phen-Fl-CBZ), 

respectively; which is attributed to the elimination or decomposition of ligand fragments such as 

CBZ/t-but CBZ, Phenanthroline and fluorene groups in the Eu
III

 complex [31, 32].
 
These results 

are suggesting that the Eu complexes have less thermal decomposition. However, all the Eu
III

 

complexes are shown thermal decomposition above 235

C, which is good for further analysis.  
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Figure 4.3 TG analysis curves for the ligands and Eu

III
 complexes. 

The DSC curve showed specific heat or glass transition temperature of the ligands is 387 

and 367 C, respectively. The corresponding Eu
III

 complexes showed glass transition 

temperature at 283 and 262 C, respectively (Figure 4.4, left). These DSC-TG results are 

suggesting that the Eu complexes have a good thermal decomposition ( 235 C) with high glass 

transition temperatures, which is good for device fabrication. The Tg of the europium complexes 

were observed almost where the peak maxima to minima of the decomposition occurs in TGA 

curve (temp range 235-275 °C). The complexes are expected to change phase in the above 

mentioned temperature range. Thus, it might be reflecting in the DSC curves (highlighted in the 

DSC) and Tg peaks of the complexes are almost observed at decomposition point of the 

europium complexes. In the DSC, the hump was observed before the Tg peaks, which was 

negligible effect in the DSC. It might be expected due to elimination of the coordinated water 

and solvent molecules and TGA curves were also reflecting the same scenario.  

     

Figure 4.4 DSC analysis curves for the ligands and corresponding Eu
III

 complexes (left). The 

PXRD of the Eu
III

 complexes (right). 
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The powder x-ray diffraction (PXRD) analysis of the complexes was studied to 

understand the nature of the complexes as well as ligands to carry forward to further application. 

The both Eu
III

 complexes were shown amorphous nature and the same is shown in pictorial view 

in Figure 4.4, right. In addition, PXRD of the ligands are also measured and shown in Figure 

4.S9. The ligand, Phen-Fl-CBZ was shown crystalline nature compare to that of rest of the 

ligand. It is also compared with already reported crystal data of the ligand, Phen-Fl-TPA (Figure 

4.S9, left). A similar type of peaks with different intensity as well as slight shifting was 

observed. It might be expected that the presence of CBZ instead of TPA in the presently studied 

ligand. It is also noted that the interplanar distances (d) of Eu
III

 complexes are shifted to a lower 

value as compared to that of respective ligands.  

4.2.2.4 Photophysical properties: 

4.2.2.4.1 UV-Visible absorption and DRS studies:  

The UV-visible absorption spectra of synthesized ligands, its Eu-complexes and 

Eu(TTA)3 were carried out in solution (chloroform solution conc. 1.0 × 10
-4

 mol L
-1

), and in the 

solid state (Figure 4.5). The UV-Visible absorption study of ligands shows absorption from 250 

to 400 nm with max 341, 280, 246 nm, these bands are due to π→π* transitions of the ligands 

(TTA, L). The Eu
III

 complexes were shown similar peaks of the ligand as well as Eu(TTA)3. The 

UV-visible reflectance spectra of the solid sample of ligands and corresponding Eu
III

 complexes 

are shown in Figure 4.5 right.  

    

Figure 4.5 The UV-Vis absorption spectra of ligands and respective Eu
III

 complexes in 

chloroform solution (left), The diffuse reflectance spectra of the solid sample of ligands and 

corresponding Eu
III

 complexes (right). 

4.2.2.4.2 Photoluminescence studies: 

The photoluminescence (PL) emission spectra of ligands and their respective complexes 

were studied in solution (chloroform) as well as solid. The ligands 1L and 2L were excited with 

365 nm to achieve the blue emission at 410 and 413 in solution; 449 and 463 in solid (Figure 

4.6). Ligands in the solution shown vary with ligands in solid, which is shifted towards higher 
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wavelength. This was due to the aggregation. The corresponding Eu(TTA)3Phen-Fl-CBZ and 

Eu(TTA)3Phen-Fl-t-but CBZ complexes were excited with different wavelengths  (365, 405 and 

365, 410 nm) shown in Figure 4.7. Eu-complexes exhibit 
5
D0-

7
FJ (J=0 -4) transitions of the Eu

III
 

ion. Both the Eu-complexes were shown intensive characteristic red emission at 612 nm. It is due 

to the intra-configurational 
5
D0 -

7
FJ (J = 0 - 4) electronic transitions.  

     

Figure 4.6 Excitation and emission spectra of the ligands in solution (left) and solid (right). 

   

Figure 4.7 The PL excitation and emission spectra of Eu
III

 complexes Eu(TTA)3Phen-Fl-CBZ, 

Eu(TTA)3Phen-Fl-t-but CBZ in solution (left) and solid (right). 

It was observed that the minor emission in the blue region and which belongs to the 

ligand. However, dominated red emission was observed from the solid emission of the Eu
III

 

complexes (ligand emission completely disappears). When the ligand emission wavelength is 

used to excite the Eu
III

 complex, the emission appears with different wavelengths were at 580, 

592, 612, 652 and 703 nm, due to 4f - 4f electronic transitions of Eu
III

 ion (
5
D0-

7
F0, 

5
D0-

7
F1, 

5
D0-

7
F2, 

5
D0-

7
F3 and 

5
D0-

7
F4). It is clearly indicating that the energy transfer occurs from the ligand to 

Eu central metal ion in the complex. The emission peak at ~580 nm observed due to 
5
D0-

7
F0 

transition. The emission peaks at around 580 and 652 nm are weak and these were attributed to 
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5
D0-

7
F0, 

5
D0-

7
F3 transitions are forbidden both in magnetic and electric dipole systems. The 

magnetic dipole (MD, strong emission) transition (
5
D0-

7
F1) indicates that the Eu ion occupies the 

center of symmetric site and it is independent of the coordinate environment. The intense 

induced electric dipole transition observed at 612 nm was sensitive to the local chemical 

environment of Eu ion. The absorption and emission peaks in solution and solid were retained in 

Table 4.2.  

The synthesized europium complexes were shown red emission under UV-light (365 nm) 

and their corresponding ligands were shown blue emission at the same wavelength. The pictorial 

view (digital photographs) of the emissions was shown in Figure 4.8. The site symmetry or 

asymmetric ratio of Eu
III

 ion was calculated from the ratio of the 
5
D0-

7
F2 transition to 

5
D0-

7
F1 

transition (I2/I1) emission intensity. The intensity ratio of the 1Eu and 2Eu complexes shown in 

solution was 18.5 and 17.8, respectively. The solid was shown 18.5 and 16.1, respectively. Both 

the Eu
III

 complexes were shown better ratio and which was improved compared with that of 

reported TPA based Eu
III

 complex. The integrated intensity ratios were indicating that the Eu
III

 

ion occupied non-center of symmetry site and which reveals strong coordination interaction of 

Eu
III

 ion with surrounding ligand environment. The full width half maximum (FWHM) of the 

complexes, 1Eu and 2Eu are in solution shown below 5 nm (4.5 and 4.2 nm) and in solid also 

shown the same (4 and 5 nm), respectively. It indicates that the obtained pure narrow emissions 

are red efficient for finest applications. 

 
Figure 4.8 The emission color of the ligands and Eu

III
 complexes in solution, ligand and TTA 

energy transfer (ET) to Eu
III

 metal ion 

Table 4.2 The UV-absorption and PL emission data of synthesized Eu
III

 complex and ligand. 

S. 

No. 

Compound max (abs) (nm)  

 Solution
a b

      Solid
c
 

      ex 
a
 

       (nm)  

   em 
a d

 

       (nm)  

PL QY      

  (%) 

1.  Eu(TTA)3Phen-Fl-

CBZ                                                            

246, 280, 309, 

341 

370 275, 360, 

317, 370
d
 

581, 589, 612, 

652, 703 

60.1 

2.  Eu(TTA)3Phen-Fl-t-

but CBZ                                                            

245, 279, 309, 

341 

370 275, 360, 

317, 370
d
 

581, 589, 612, 

652, 703 

50 

3.  Phen-Fl-CBZ 245, 281, 341 350 365, 317 410, 449
d
 --.-- 

4.  Phen-Fl-t-but CBZ 247, 279,  348 350 365, 317 413, 463
d
 --.-- 

3 Eu(TTA)3.2H2O 273, 340  --.-- 275, 340 580, 592, 612, 

652, 703 

--.-- 

a 
measured in chloroform solution at 298 K, 

b
absorption peaks from the UV-Vis absorption spectra. 

c
emission peaks from photoluminescence emission spectra. 

d
solid sample 
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To better understand the PL emission study of the Eu
III

 complexes, it was calculated the 

singlet (
1
ππ*) and triplet (

3
ππ*) energy states by DFT and TD-DFT. The energy transfer 

mechanism from ligand to Eu
III

 metal ion and structural representation for energy transfer from 

TTA to Eu
III

 ion is shown in Figure 4.9. The theoretically calculated singlet and triplet energy 

levels of the 1Eu and 2Eu are shown at 27,212 (3.37 eV), 21,704 (2.69) and 26,728 (3.31), 

21,896 cm
-1

 (2.71), respectively. It is known that the singlet and triplet energy level of the TTA 

located at around 25,164 (3.12 eV) and 18,954 cm
-1

 (2.35 eV) [34].  It is well recognized that the 

Eu
III

 metal ion excited 
5
D0 energy level located at 17500 cm

-1
 [34, 35]. In current observation, 

the synthesized Eu
III

 complex shows red emission because of efficient energy transfer from both 

the bidentate ligand as well as TTA to center metal ion. These results were satisfying the Latva et 

al., investigations [36]. The triplet state energy level of the 1Eu and 2Eu is higher than (4,204 

and 4,396 cm
-1

) that of 
5
D0 energy level. It means T1 located at higher than 20,000 cm

-1
. These 

results indicating that the efficient energy transfer facilitating between triplet state of the ligand 

to 
5
D0 energy level of Eu

III
 ion. In the other hand, fully energy transfers of solid form of Eu

III
 

complexes are expected might be a change of prominent triplet energy level.  

 
Figure 4.9 Representation illustration of ligands to Eu

III
 center metal ion energy transfer 

mechanism (S = singlet, T = triplet, ET = energy transfer (darted line is non-radiative)). 

4.2.2.4.3 Photoluminescence quantum efficiency:  

PLQY was measured in chloroform solution by using quinine sulfate as a reference in 1M 

H2SO4 (φ = 54.6%) at room temperature [37]. The obtained PLQY is supporting the efficient 

energy transfer from ligand to center Eu
III

 metal ion. Overall quantum yields of the Eu
III

 

complexes were calculated according to the well-known equation (4.1), 

                                              𝜑𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =
𝑛2 𝐴𝑟𝑒𝑓 𝐼

𝑛𝑟𝑒𝑓
2 𝐴𝐼𝑟𝑒𝑓

𝜑𝑟𝑒𝑓                                   ….…………. (4.1) 

Here, n is the refractive index of solvent, A is an area of the emission spectrum, I is an 

absorbance at the excitation wavelength, φoverall is the quantum yield of the sample and φref is the 

quantum yield of the standard quinine sulfate solution, respectively. The PLQY of the 1Eu and 

2Eu was shown 60.1 and 50 % upon excitation at 358 nm. The obtained results are due to 
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directly involvement of chromophore (amines and fluorene) groups in the sensitization process 

for the Eu ion in Eu
III

 complexes. These outcomes were better than TPA based Eu
III

 complex 

[22].
 
It is an indirect indication that the CBZ were increasing radiative pathway by reducing non-

radiative transition. In addition, we also measured the absolute QY of the complex and details 

can be found in the reported literature [23]. The absolute QY is found (in the solid phase) to be 

72.4 and 77.3 % under 330 nm excitation for 1Eu and 2Eu, respectively (Figure 4.10). The 

obtained results are extremely good and found more than earlier reported TPA and carbazole 

based complexes [22, 23, 43]. 

  

Figure 4.10 The PLQY of the complex, Eu(TTA)3Phen-Fl-CBZ. (Yellow: direct, pink: indirect 

and sky-blue: reference) (left), PLQY of the complex, Eu(TTA)3Phen-Fl-t-but CBZ. (Yellow: 

direct, pink: indirect and sky-blue: reference) (right). 

4.2.2.4.4 Lifetime and Jodd-Ofelt investigations: 

The PL Lifetime data of Eu
III

 complexes and ligands were obtained and best fitted with 

the single exponential function given by the equation𝐼(𝑡) = 𝐼0 + 𝐴1 exp  (
−𝑡

𝜏
). Where A1 is the 

scalar quantity obtained from the fitting curve, I0 = 0 is the offset value, t is the time in ms and τ 

is the decay time value for the exponential component. The luminescence decay curves of the 
5
D0 excited state were measured at 298 K by monitoring the most intense emission lines (

5
D0 → 

7
F2) of the Eu-ion center at 612 nm, and under at 360 nm excitation. The demonstrated mono-

exponential performance of Eu
III

 complex, indicative that the europium ion presence in a single 

chemical environment. To understand furthered its solvent effect compared with solid, the 

lifetime was investigated in various solvents (Acetone, CHCl3, DCM, DMF and THF) and the 

obtained results were shown in Figure 4.11.  

In general, the excited state lifetime of the 
5
D0 (Eu

III
) level is typically long (ms to ms 

scale) and caused by enable energy transfer to high frequency vibrational oscillators (O–H, N–H, 

and C–H). The luminescent lifetime values (τ) of Eu(TTA)3Phen-Fl-CBZ and Eu(TTA)3Phen-Fl-

t-but CBZ were found to be 0.64 (solid) > 0.58 (Acetone) > 0.57 (DCM) > 0.52 (CHCl3) > 0.51 

(THF) > 0.45 (DMF) and 0.61 (Acetone) > 0.60 (DCM) > 0.59 (CHCl3) > 0.55 (THF) > 0.48 

(DMF) > 0.40 (solid). Lifetime of the solid Eu(TTA)3Phen-Fl-CBZ was found to be higher than 

that of other Eu
III 

(2Eu) complex, which is due to reduce the non-radiative transitions in the solid 
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as compare to that of 2Eu solid. To support the same it could be expected that the existence of t-

butyl groups influence to increase the non-radiative emission channels. However, in the case of 

2Eu highest lifetime found to be in acetone (DCM, CHCl3 also same). It is because of the 

presence of O–H, N–H group’s frequency vibrational oscillation is higher than that of C–H 

vibrational oscillators. In addition, lifetimes of the ligands were also calculated and all obtained 

results were tabulated in Table 4.3. 

     
Figure 4.11 Decay curves of Eu(TTA)3Phen-Fl-CBZ (left) and  Eu(TTA)3Phen-Fl-t-but CBZ 

(right) at 360 nm in different solutions and solid. 

The spectral intensity parameters of the Eu
III

 complexes are given by the Judd–Ofelt 

parameters Ωλ (where λ = 2, 4 and 6). Among all transitions of Eu
III

 ion, the 
5
D0 → 

7
F0,3,5 

transitions are forbidden (S(ED) and S(MD) = zero) and the Ω2 (
5
D0→ 

7
F2) electric dipole transition 

is allowed, which is more sensitive to the symmetry [38, 39]. The detailed calculations are 

reported elsewhere [40] as well as in Chapter 2. The intensity parameter Ω4 (
5
D0→ 

7
F2) is less 

sensitive to the coordination sphere than Ω2. The 
5
D0 to 

7
F1 (J=1) transition has no electric dipole 

involvement; it is isolated magnetic dipole transition and hence forward can be used as a 

reference for estimation of J–O intensity parameters. The calculated Ω2 value (Table. 4.3) shown 

the Eu
III

 ion is located in the complex in the highly covalent environment.   

Table 4.3 Observed luminescence lifetimes (τobs) and intensity parameters of synthesized Eu
III

 

complexes and corresponding ligands 

S. 

No. 

Compound Intensity 

parameters  

(10
-20

 cm
2
) 

τ / ms 
a
 

 

  

Ω2 Ω4 Solid Acetone  CHCl3 DCM  DMF THF 

1.  Eu(TTA)3Phen-Fl-CBZ                                                           12.0 0.95 0.64 0.58 0.52 0.57 0.45 0.51 

2.  Eu(TTA)3Phen-Fl-t-but 

CBZ                                                           

13.5 1.1 0.40 0.61 0.59 0.60 0.48 0.55 

3.  Phen-Fl-CBZ (10
-3 

ms) --.-- --.-- 2.53 3.13 1.81 3.54 3.80 7.58 

4.  Phen-Fl-t-but CBZ  

(10
-3 

ms) 

---.-- --.-- 1.38 5.93 4.23 4.47 2.79 4.26  

a
 The decay curves with mono-exponential 
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The overall quantum yield (overall) (equation 4) of the Eu
III

 complexes obtained under 

ligand excitation and it depends on two essential parameters, which are the efficiency with which 

the ligands transfer energy onto the Eu
III

 ion (sens), and the intrinsic quantum yield (LN) and 

the quantum yield upon direct excitation into the f level, which is [15, 41, 42]. 

                                                              overall = sens Ln                                                         ………….... (4) 

The intrinsic quantum yield (Ln) calculated by the following equation (5) for the Eu
III

 

ion. The radiative lifetime (RAD) of the complexes can be calculated by the equation 6 and 

assume that the energy of the 
5
D0 → 

7
F1 transition (MD) as well as its oscillator strength was 

constant. Here, the considering the AMD,0 (14.65 s
-1

 ) represents the spontaneous emission 

probability of the 
5
D0 - 

7
F1 transition (vacuo), and n is the refractive index of the medium. An 

average index of refraction equal to 1.5 was employed in the calculation [43]. 

                                                       Ln = (
𝐴RAD

𝐴RAD + 𝐴NR

) = 
𝑜𝑏𝑠

𝑅𝐴𝐷
                                       …………… (5) 

                                                 𝐴RAD = (
1

RAD 
) = A MD, 0n

3
  (

𝐼𝑇𝑂𝑇

𝐼𝑀𝐷
)                         …...……….. (6) 

The obtained intrinsic quantum yield (ΦLn), energy transfer efficiency (sen) and lifetime 

analysis indicates that the currently studied ligand is efficient sensitizer for Eu
3+

 ion in both the 

complexes. In addition, the sen of the 1Eu is higher than that of the 2Eu. However, an obtained 

result indicates that the both complexes are potential components. All the calculated parameters 

are tabulated in Table 4.4. 

Table 4.4 The radiative (ARAD) and nonradiative (ANR) decay rates, 
5
D0 lifetime (tobs), intrinsic 

quantum yield (Ln), energy transfer efficiency (sen) and overall quantum yield (overall) for 

complex. 

S. 

No. 

Complex name ARAD 

(S
-1

) 

ANR 

(S
-1

) 
obs 

(ms) 

RAD 

(ms) 

Ln 

(%) 

Sen 

(%) 

Overall 

(%)  

1. Eu(TTA)3Phen-Fl-CBZ 1137.1 191 0.64 0.729 87.7 82.5 72.4 

2. Eu(TTA)3Phen-Fl-t-but CBZ 1078.1 142 0.40 0.927 43.1 17.9 77.3 

 

4.2.2.5 Electrochemical Properties 

The electrochemical analysis was the takeaway for synthesized ligands and their 

corresponding europium complexes. Redox properties of Eu
III

 complexes and ligand molecule 

are considerable important because it gives results about the HOMO and LUMO energy of the 

molecules/compounds. The details of oxidation and reduction with onset potentials data’s are 

listed in Table 4.5. The HOMO and LUMO energy levels were calculated by using well-known 

equation 2.8 and 2.9. [44] The oxidation and reduction potentials of t-but CBZ was shown less 

compare to the rest of the Eu
III

 complex. Low band gap of the complexes are superior suitable 

candidates for future applications. The obtained redox potentials were shown in Figure 4.12. In 

addition, it is also calculated the onset wavelength of optical absorption (onset) in the solid-state 

(DRS spectra) and the results were well matched with electrochemical analysis. The comparison 

of HOMO-LUMO energy gap of ligands and complexes are shown in Figure 4.13. 
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Figure 4.12 Cyclic voltamogram of Eu

III
 complexes and their ligands. 

 
Figure 4.13 HOMO – LUMO energy gap diagram of Ligands and Eu

III
 complexes. 

Table 4.5 Electrochemical properties of the Eu
III

 complexes and ligands 

S. 

No. 

    Compounds 𝐕𝐨𝐥𝐭𝐚𝐠𝐞𝐨𝐧𝐬𝐞𝐭
𝐎𝐱𝐢  (V)  𝐕𝐨𝐥𝐭𝐚𝐠𝐞𝐨𝐧𝐬𝐞𝐭

𝐑𝐞𝐝  (V) 

  ( EHOMO (eV) )      ( ELUMO (eV) )             

onset, 

(nm) 

Energy gap 

𝑬𝒈
𝑶𝒑𝒕

,  (eV) (a) 

1 Eu(TTA)3Phen-Fl-CBZ 1.59 ( -5.99 ) -1.35 ( -3.05 ) 444 2.80 ( 2.94 ) 

2 Eu(TTA)3Phen-Fl-t-but CBZ 1.47( -5.87) -1.58 ( -2.82 ) 434 2.86 ( 3.05 ) 

3 Phen-Fl-CBZ 1.51 ( -5.91 ) -1.39 ( -3.01 ) 419 2.70 (2.90) 

4 Phen-Fl-t-but CBZ 1.46 ( -5.86 ) -1.41 ( -2.99 ) 459 2.96 (2.87) 

a) Calculated the onset wavelength of optical absorption in the solid-state film (DRS spectra). In 

bracket mentioned their energy differences (HOMO and LUMO) values calculated by CV. 
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4.2.2.6 DFT and TD-DFT Calculation:  

The details of DFT and TD-DFT methodology and basic set was used for this study are 

given in section (Chapter 2, 3.3 theoretical calculation). The optimized structures of the ligands 

were depicted in Figure 4.14. The calculated FMO diagrams of ligands were shown in Table 4.6. 

The calculated energy gaps for the ligands are showed ⁓3 eV. The calculated HOMO and 

LUMO of the ligands results are shown similar to that of cyclic voltammetry analysis (Table 

4.7). Locality of the electron density for HOMO of the ligand 1L was shown on CBZ and 

partially on phenanthroline moiety. It is due to the presence of CBZ as electron rich moiety in the 

structure. In LUMO, electron density located on the fluorene and partially located towards the 

Phenanthroline. The fluorine moiety is generally electron rich but it is connected with the 

electron deficient imidazole molecule. Hence, the electron cloud might be fulling towards 

imidazole group.   

 

Figure 4.14 The optimized structures of the ligands Phen-Fl-CBZ (left) and Phen-Fl-t-but CBZ 

(right) 

Table 4.6 The calculated HOMO – LUMO (top-down) energy orbitals by density functional 

theory (DFT) frame work using B3LYP/6-31(G) level of theory of ligands. 

 Phen-Fl-CBZ  

HOMO-1 

  

HOMO 
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LUMO+1 

  

LUMO 

 Phen-Fl-t-but CBZ  

HOMO-1 

  

HOMO 

LUMO+1 

 

 

LUMO 

 

The obtained results show electron cloud absence in unoccupied molecular orbital shown 

on LUMO. The similar observations are also found for the 2L ligand (t-but CBZ functionalized 

ligand). The computed vertical transitions and there oscillator strengths and configuration of 

ligands (CBZ and t-but CBZ) are tabulated in Table 4.8 and 4.9. 
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Table 4.7 The HOMO and LUMO energy levels of the ligands with their respective band gaps 

and calculated singlet and triplet energy levels. 

Molecule HOMO  HOMO-1  LUMO  LUMO+1 Eg  S1  T1  

in electron volts (eV) 

Phen-Fl-CBZ -5.02 -5.71 -1.52 -1.39 3.75 3.37 2.69 

Phen-Fl-t-but CBZ -5.17 -5.63 -1.51 -1.32 3.66 3.31 2.71 

Eu
III

 metal ion --.-- --.--
 

--.-- --.--
 

--.-- 
5
D0 level = 2.17 

 

Table 4.8 The computed vertical transitions and there oscillator strengths and configuration of 

CBZ ligand.  

Compound State Energy (eV) λmax nm  Configuration 

Phen-Fl-CBZ Gas 3.3276 355.53 0.1136 HOMO  LUMO (68.67%) 

HOMO-1  LUMO (12.55%) 

Singlet  3.889 318.80 0.1632 HOMO1LUMO+1(50.46%) 

HOMO-1LUMO+3(10.25%) 

HOMO  LUMO+3 (39.66%) 

HOMO  LUMO+4 (11.65%) 

HOMO  LUMO+5 (10.91%) 

     

 DCM 3.3738 367.49 0.7253 HOMO  LUMO (67.58%) 

HOMO  LUMO+1 (10.79%) 

HOMO  LUMO+3 (11.26%) 

  3.8796 319.58 0.2632 HOMO-1  LUMO (50.49%) 

HOMO-1  LUMO+3 (13.18%) 

HOMO  LUMO+1 (11.71%) 

HOMO  LUMO+3 (38.28%) 

     

Triplet  Gas  2.6557 466.86 - HOMO-1LUMO (14.47%) 

HOMO-1LUMO+1 (29.10%)  

HOMO  LUMO (22.88%) 

HOMO LUMO+1 (48.10%) 

 DCM 2.6915 460.66 - HOMO-4  LUMO (11.31%) 

HOMO-1  LUMO (19.15%) 

HOMO-1  LUMO+1 (16.76%) 

 HOMO  LUMO (46.83%) 

HOMO  LUMO+1 (22.93%) 

HOMO  LUMO+2 (12.05%) 

Table 4.9 The computed vertical transitions and there oscillator strengths and configuration of 

and t-but CBZ ligand. 

Compound State Energy (eV) λmax nm  Configuration 

Phen-Fl-t-but 

CBZ 

Gas 3.2555 380.84 0.1573 HOMO-2  LUMO (10.98%) 

HOMO  LUMO (68.56%) 

Singlet  3.3965 365.04 0.4777 HOMO  LUMO+1 (67.42%) 

  3.8902 318.71 0. 1341 HOMO-2  LUMO+1 (54.55%) 

HOMO  LUMO+5 (24.48%)      
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 DCM 3.3138 374.14 0.6714 HOMO  LUMO (65.09%) 

HOMO  LUMO+1 (19.34%) 

HOMO  LUMO+3 (13.87%) 

  3.8222 324.38 0.1540 HOMO-2  LUMO (60.38%) 

HOMO  LUMO+1 (17.14%) 

HOMO  LUMO+2 (14.85%) 

     

  3.8949 318.32 0.1536 HOMO-2  LUMO (13.48%) 

HOMO-2  LUMO+1 (14.96%) 

Triplet  Gas  2.6812 462.42 - HOMO-2  LUMO (19.63%) 

HOMO-2  LUMO+1 (30.94%)  

HOMO  LUMO (25.39%) 

HOMO LUMO+1 (40.91%) 

 DCM 2.7147 456.71 - HOMO-4  LUMO (11.82%) 

HOMO-2  LUMO (33.49%) 

HOMO-2  LUMO+1 (20.74%) 

HOMO-2  LUMO+2 (12.76%) 

HOMO  LUMO (40.88%) 

HOMO  LUMO+1 (22.78%) 

HOMO  LUMO+2 (14.83%) 

 

4.2.2.7 PMMA thin film study and CIE chromaticity coordinates:  

To understand the emission of the Eu
III

 complexes in thin film, the complexes also been 

doped with the PMMA matrix in different mass ratio (0.1, 0.5, 1 and 5 %). Preparation of 

PMMA thin film with complexes was discussed in section 4.33. The corresponding PL emission 

spectra as well as digital photographs are shown in Figure 4.15. The intensity of the complexes 

with PMMA was increased compare to that of undoped Eu-complex. In addition, it is observed 

that the increase the percentage of Eu
III

 complex with increase the intensity. However, the 

complex with 5% doping is showed better red emission. The calculated CIE coordinates are for 

1Eu, 0.1 %, x = 0.53, y = 0.43; 0.5 %, x = 0.55, y = 0.42; 1 %, x = 0.53, y = 0.43 and 5 %, x = 

0.60, y = 0.38 and their asymmetric intensity ratio of (I2/I1) shown 6.34, 5.24, 4.84 and 3.98, 

respectively. Similarly, calculated CIE coordinates are for 2Eu, 0.1 %, x = 0.55, y = 0.42; 0.5 %, 

x = 0.55, y = 0.42; 1 %, x = 0.61, y = 0.37 and 5 %, x = 0.60, y = 0.39 and their asymmetric 

intensity ratio of (I2/I1) shown 5.98, 6.03, 9.06 and 2.86, respectively. In addition, the FWHM of 

the complexes, 1Eu and 2Eu (0.1, 0.5, 1, 5%) are calculated and found to be 11.0, 13.0, 13.1, 

18.2 and 11.1, 12.2, 10.4, 18.4, respectively. FWHM of the complexes with doping was increases 

with concentration of the Eu
III

 complex increment. It indicates that the PMMA matrix doping is 

responsible to increase the FWHM. In addition, un-doped films as well as solution and solid are 

shown less FWHM (< 5 nm). 
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Figure 4.15 The Eu
III

 complex doped with PMMA (different percentage ratio) as well as their 

thin film patterns (left) and its CIE color coordinates (right). 

CIE chromaticity coordinates were calculated from emission the spectral data’s (λex=360 

nm) for CBZ and t-but CBZ functionalization Eu
III

 complexes (Figure 4.16, left).  The ligands 1L 

and 2L shown CIE coordinates were x = 0.17, y = 0.15 and x = 0.21, y = 0.25 in solid; x = 0.15, 

y = 0.04 and x = 0.15, y = 0.02 in solution, respectively. The corresponding 1Eu and 2Eu shows 

the calculated CIE color coordinates were x = 0.65, y = 0.34 and x = 0.64, y = 0.34 in solid; x = 

0.50, y = 0.26 and x = 0.50, y = 0.26 in solution, respectively. The obtained CIE values of the 

Eu
III

 complexes were indicating in the region of red and ligands were shown deep blue 

coordinates. The Eu
III

 complexes in solution are shown deviation from the solid color 

coordinates and which solid results are close to the NTSC standards. The presence of small 

spectral quantity of the ligand emission along with Eu
III

 metal ion in Eu
III

 complexes in solution 

is deviating from pure red emission. However, there is no such type of observation (from ligand) 

in complexes and pure red emission was observed in solid form. So, solid forms of the 

complexes are better materials to achieve the efficient red emission. 
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Figure 4.16 The CIE chromaticity coordinates for ligands and respective Eu
III

 complexes in 

solution as well as solid (left) and CIE for the Eu
III

 complexes coated on the 395 nm emitted 

LED chip (right). 

4.2.2.8 LED fabrication with Eu
III

 complexes: 

Light-emitting diodes were fabricated by using a permutation of a 395 nm emitting 

InGaN chip with the Eu
III

 complexes in different proportions are 1:10 and 1:50 (Eu
III

 complex: 

PMMA). After coating the complexes in LEDs, the same was dried for 6 hr at afar ambient 

temperature (40 
0
C). The original InGaN LED with 395 nm chip and emission from the 

complexes under 20 mA forward-bias current as well as in normal were shown in Figure 4.17. 

The emission peak in the range of 395 nm is almost reduced except 2Eu (1:10). It indicates that 

the 1Eu complex transfer’s their excitation energy to emission center and fully excitation was 

consumed by the Eu complex. However, in the case of 2Eu, 1:50 shown fully observed excitation 

source compare to that of 1:10. It could be expected that the presence of Eu
III

 ions are more in 

1:10 concentration (% of Eu
III

 ion is high).  The both 1Eu and 2Eu complexes are shown sharp 

intensive red emission. The same was also confirmed by chromaticity coordinates and satisfying 

the NTSC standard values for red emission. The CIE color coordinates shown for 1Eu is x = 

0.65, y = 0.34 (1:10); x = 0.66, y = 0.34 (1:50) and 2Eu is x = 0.66, y = 0.33 (1:10); x = 0.66, y = 

0.33 (1:50), respectively. The pictorial view of the CIE color coordinates for Eu complexes 

coated LED with forward bias are shown in Figure 4.16, right. We have calculated luminescence 

efficiency of the LEDs with and without coating the Eu
III

 complexes. The efficiency of the 

original LED (395 nm from the InGaN chip) without Eu
III

 complex is found to be only ~0.22 lm 

W
-1

. After, the fabricated LED with Eu
III

 complexes, 1Eu and 2Eu showed a higher efficiency of 

1.12 and 0.9 lm W
-1

.  
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Figure 4.17 The spectra’s A and B are red emitting synthesized Eu
III

 complexes coated on the 

395 nm emitted LED chip. In inset a is the original 365 nm emitted LED chip and aa is under 

forward bias. b and c are coated with Eu
III

 complexes and bb and cc are with forward bias, 

respectively. 

4.3 Summary and Conclusion: 

Two bipolar ligands and their corresponding Eu
III

 complexes were designed and 

successfully synthesized. DSC-TGA showed good thermal stability and decomposition, which is 

good for furthered solicitations and good glass transition temperature as well. The PL analysis 

indicates that all complexes showed pure red emission at around 612 nm, which is due to electric 

dipole transition of Eu
III

 ion present in the complex. In addition, there is no ligand emission in 

complex which clearly indicates that the complete energy transfer from the ligand to Eu
III

 metal 

ion occurs. To support the same, the energy transfer mechanism by computational study (DFT 

and TD-DFT) also been executed. The obtained absolute QY found to be superior (77.3%) to 

that of the reported complexes. The Judd–Ofelt theory to the emissive properties of Eu
III

 

complexes were investigated and the lifetime found better in Eu(TTA)3Phen-Fl-CBZ complex 

was to be 0.64 ms. The calculated HOMO-LUMO band gap of the complexes was good for 

furthered analysis. The fabricated red LED (Eu complexes with 395 nm emitted LED) shown 

pure red emission and the CIE color coordinates are x = 0.66, y = 0.33. The obtained results 

indicating that the presently studied complexes may potential application in white LEDs. 
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Chapter 5 

Controlled energy transfer from ligand to Eu
III 

ion: A unique strategy to 

obtain bright white/red light emission and their versatile applications 

 

Abstract 

A new diphenylamine (DPA) and carbazole (CBZ) functionalized ancillary ligands 

coordinated β-diketonate Eu
III

 complexes shown incomplete or complete energy transfer from 

ligand to Eu
III

 ion. Solvatochromism study of DPA based complex leads to balancing of the 

primary RGB colors to obtain single molecule white emission. The temperature dependent PL 

study indicates that the DPA based complex could be used as ratiometric temperature sensor 

(color changes from blue to yellowish-red via white). In addition, the Eu-complex conjugated 

with near UV LED shown white emission with 0.34, 0.33 CIE coordinates. In the case of CBZ 

functionalized bipolar ligand and its corresponding β-diketonate Eu
III

 complex shown efficient 

energy transfers from the ligand to Eu
III

 center metal ion and emits narrow band red emission 

with apt CIE color gamut. TD-DFT calculations were performed to know the energies of the 

singlet (
1
S) and triplet (

3
T) levels for the bipolar ligand and shown good overlap between the 

ligand triplet level and Eu
III

 excited level. The PLQY is found to be 44.4 %, whereas the DPA 

based complex shown comparatively less QY (supports the inefficient energy transfer). HOMO 

and LUMO energy levels energies (redox reaction) were calculated from the electrochemical 

analysis for the Eu-complexes. The synthesized Eu
III

 complex was doped in PMMA with 

different percentage ratio and found to be concentration variation influence on emission intensity 

and symmetry. The CBZ-Eu-complex conjugated with near UV LED (395 nm) shown red 

emission with CIE color coordinates of 0.66, 0.33 and hence could find potential application in 

white LEDs.  

 

Key words: Carbazole; bipolar ligand; Eu complex; DFT; white emission  
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5.1 Introduction: 

The new single organic molecule or molecular complex based white light emitting 

sources are attractive owing to their potential applications in full-color smart displays and 

lighting sources (including white OLEDs and solid state lighting (LEDs)) [1]. In general, 

white light can be realized by mixing of three primary colors, in order to cover the entire 

visible spectrum. Although there are several organic fluorophores that are capable of 

emitting individual red-blue-green (RGB) color are known; however, white light 

generated by single molecule (single-component approach) have several advantages than 

that of simple RGB mixing (multi-component emitters) [2]. The benefit includes 

improved stability; stable commission International de I’Eclairage (CIE) color 

coordinates as well as simple fabrication process [3]. Stable white photo and 

electroluminescence released in a single molecule dyad have been documented [4]. White 

light creation by aggregated induced emission in single organic molecule has also been 

reported [5]. Iridium-based molecular complex, which are emits white light (all the way 

from 440 to 800 nm in the spectral window) [6]. By utilizing the sensitizing/energy 

harvesting capability of Ir
III

 ion to lanthanides,  the Ir-Eu dyad has used to release the 

white light (bluish green emission from the Ir
III

 emissive center and red emission from the 

Eu
III

 metal center) [7]. Although, generate white light emission from the single molecular 

complex is still a huge challenge. The demand of the cumulative global energy crisis is 

reducing the energy sources and it can be overcome by high energy efficient lighting 

systems (solid state lighting (SSL)) that can help to conserve energy and reduce overall 

lighting costs [8]. 

5.2 White light emissive DPA based Europium complex: 

5.2.1 Outline of the Present Study:  

Recently, the ligand-based incomplete/partial ET to Eu
III

 metal center leads to 

white light generation becomes attractive research task [9].
 
The known white emissive 

lanthanide complex is limited to solution phase. White emissive lanthanide complex is 

scarcely reported. In the previous chapter, triphenylamine (TPA) functionalized 

imidazole-phenanthroline based new bipolar ligand for monochromatic red light emitting 

Eu
III

 complex was explored [10]. In addition, to get highly efficient monochromatic red 

light emission and analyze the functionalization (extended TPA moiety with 

diphenylamine (DPA)) effect on the photoluminescence (PL) emission of the bipolar 

ligand by means of ET to Eu
III

 metal ion, the DPA decorated phenanthroline-fluorene-

TPA bipolar ligand, Phen-Fl-TPA-DPA and its corresponding β-diketonate Eu
III

 complex, 

Eu(TTA)3Phen-Fl-TPA-DPA have been synthesized. The designed strategy assumption is 

that the fluorene can improve the morphological and photostability of the Eu
III

 phosphors, 

because of its strong π-π* absorption. The presence of diphenyl amine moieties in the 

neutral or bipolar ligand, widen the absorption outline and act as light-harvesting units. 

TTA can act as an antenna and it is well documented that the presence of fluorine in the 

ligand can decrease the vibrational quenching and increase the decay time at room 

temperature [11]. In Eu
III

 complex, ET to center metal ion from neutral ligand, as well as 

the antenna, is expected in the presently studied Eu
III

 complex (Figure 5.1). The ligand 

not only plays a role as a sensitizer for the Eu
III

 ion through antenna effect, it is also a 
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yellow emitting source. It is familiar that the emissions of Eu
III

 metal ions were 

commonly employed as a structural probe to investigate the coordination and local 

environment around the cations.  

 

Figure 5.1 The chemical structure of synthesized Eu
III

 complex. 

5.2.2 Experimental: 

5.2.2.1 Materials and general Information for synthesis:  

The details of starting materials for the synthesis and electrolyte materials used in 

the CV were included in the previous Chapters 2 (2.2.2) and 3.  

5.2.2.2 Measurements:  

The detailed measurement techniques that are used for the characterization of 

ligands and respective complexes were mentioned in the previous Chapters 2 (2.2.2, 

Experimental section). NMR and Mass spectra is given in Figure 5.S1 – 5.S4. 

5.2.2.3 Synthesis: 

The compounds 4-(diphenylamino)benzaldehyde (1-1), 4-(bis(4-iodophenyl)amino) 

benzaldehyde (1-2) [12], and 4-(bis(4-(diphenylamino)phenyl)amino) benzaldehyde (1-3) were 

synthesized by reported references [13, 14]. Synthesis of 1,10-phenanthroline-5,6-dione, 9,9-

diethyl-9H-fluoren-2-amine (Fl) and the metal compound tris(thenoyltrifluoroacetone)europium 

(III) (Eu(TTA)3·2H2O) was explained in Chapter 2.
 

5.2.2.3.1 Synthesis of N
1
-(4-(diphenylamino)phenyl)-N

1
-(4-(1-(9,9-diethyl-9H-fluoren-2-yl)-

1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl)phenyl)-N
4
,N

4
-diphenylbenzene-1,4-diamine 

(Phen-Fl-TPA-DPA): 

9,9-diethyl-9H-fluoren-2-amine (Fl) (0.75 g, 3.171 mmol) was added to a stirred solution 

of 1-3 (1.75g, 2.883 mmol) in glacial acetic acid (30 mL) at room temperature. To this reaction 

mixture subsequently ammonium acetate (2.2 g, 28.83 mmol) and dione (0.60 g, 2.883 mmol) 

was added. Then the resulting mixture was stirred for 12 hrs at 110 C. The progress of the 



Chapter 5 
 

162 

 

reaction was monitored by TLC (MeOH in chloroform 1:9, Rf-0.2). The reaction mixture was 

pour into minimum amount of water and then ammonium hydroxide solution was added. Then 

the formed solid was filtered and dissolved in dichloromethane, followed by dried with 

anhydrous sodium sulphate and the solvent was evaporated to get crude compound 3g. The 

resultant compound was purified with column chromatography by using silica gel (100-200 

mesh), eluent with 5% methanol in chloroform and the solvent was evaporated and dissolved in 

minimum amount of THF solution added excess of hexane solvent, the pale yellow color solid 

was formed. After settling of solid, decantation was done and this process repeated to get 

compound 1g (51.1%) as a pale yellow solid. 
1
H-NMR Data (CdCl3, 400 MHz):  (in ppm) 9.21-

9.16 (m, 2H), 9.03 (d, 1H), 7.91 (d, 1H), 7.87-7.76 (m, 3H), 7.62-7.45 (m, 8H), 7.25-7.16 (m, 

9H), 7.14-7.06 (m, 11H), 7.01-6.96 (m, 11H) 2.05 (q, 4H), 0.42 (t, 3H), 0.24 (t, 2H). 
13

C-NMR 

Data (CdCl3, 100 MHz): δ (in ppm) 152.6, 150.2, 147.8, 147.6, 143.7, 139.8, 136.5, 130, 129.3, 

129.2, 128.5, 127.4, 126, 124.9, 124.2, 124.1, 123.9, 123.6, 123.2, 123.1, 122.8, 122.6, 122.2, 

121.4, 120.4, 56.7, 32.7, 8.3. EI-MS: m/z = 1018.82 [M + H]
+
. 

5.2.2.3.2 Synthesis of Eu(TTA)3 Phen-Fl-TPA-DPA: 

The procedure of Phen-Fl-TPA-DPA was coordination with Eu(TTA)3.2H2O and 

followed previous procedure from Chapter 2 (section 2.2.2.9) to synthesis of Eu(TTA)3 Phen-Fl-

TPA-DPA. CHNS Analysis%: Anal. Calc. for: C96H67EuF9N7O6S3; C, 62.88; H, 3.68; N, 5.35; S, 

5.25%. , Found: C, 62.96; H, 3.88; N, 5.25; S, 5.45. EI-MS: m/z = 1831.97 [M - H]
+
. 

5.2.2.4 Characterization of the complex:  

The detailed synthesis of Eu
III

 complex is summarized in Scheme 5.1.  

N
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Scheme 5.1 Synthetic route of triphenyl functional-DPA based ligand and corresponding -

diketonate Eu
III

 ternary complex. 

5.2.2.5 FT-Infrared spectroscopy: 

The FT-IR spectra of the Eu(TTA)3·2H2O complex shown strong carbonyl (C=O) 

stretching frequency at 1610 cm
-1

 and the same is shifted to 1598 cm
-1

 for the Eu(TTA)3Phen-Fl-

TPA-DPA (Figure 5.2). The change in the stretching frequency is an indirect evidence to that the 

-diketonate (Eu(TTA)3·2H2O) compound is coordinated with the synthesized neutral ligand. 

The vibration frequency due to C=N appears at 1589 cm
-1

 for free ligand Phen-Fl-TPA-DPA. 

After metalation of ligand, the C=N peaks is shifted towards the lower wavenumber (1536 cm
-1

). 

 
Figure 5.2 FT-IR spectra of the ligand, corresponding Eu

III
-complex and Eu(TTA)3·2H2O. 

 

5.2.3 Results and Discussion: 

5.2.3.1 Thermal properties and Powder X-ray diffraction (PXRD) studies:  

To study the thermal stabilities of the bipolar ligand (Figure 5.3, left) and Eu
III

 

complex (Figure 5.3, right), thermogravimetric analysis (TGA) and differential scanning 

calorimetry (DSC) were performed (powder samples) under nitrogen atmosphere from 
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ambient temperature to 650 °C. The TG analyses were shown that the thermal 

decomposition occurs above 250 C for Eu-complex.  

  

Figure 5.3 DSC-TG analysis curves for the ligand (left) and Eu
III

 complex (right). 

Thermal decomposition of Eu(TTA)3Phen-Fl-TPA-DPA shown 271, 336, 503 C. 

When compare the thermal decomposition of ligand, Phen-Fl-TPA-DPA (> 350 C) with 

Eu
III

 metal complex, ligand was shown less thermal decomposition. It is expected that due 

to elimination and/or decomposition of ligands, it means the presence of TTA moiety and 

additional DPA, fluorine groups in the Eu
III

 complex. These results are suggesting that the 

Eu(TTA)3Phen-Fl-TPA-DPA have good thermal stability above 250 C which is good for 

fabrication of the device.  

The powder XRD pattern of the Eu complex was executed to find the crystalline or 

amorphous nature of the Eu
III 

complex and the X-ray pattern is shown in Figure. 5.4. The 

observed pattern clearly indicates that the complex is in amorphous nature, and this could be 

useful in fabrication of OLEDs using this Eu
III

 complex as an emission material.  

 

Figure 5.4 PXRD data plot of the Eu
III

 complex 
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5.2.3.2 Photophysical properties: 

5.2.3.2.1 UV-Visible absorption and diffuse reflectance spectral studies:     

The UV-Visible absorption spectra of the ligand and Eu
III

 complex were carried out in solution 

(CHCl3, 1.0 × 10
-4

 mol L
-1

), thin film and the solid state (Figure 5.5, left). The absorption 

spectrum of ligand shows absorption from 240 to 450 nm with max values are 306, 280 nm 

(attributed to the →* transitions of aromatic moieties). The same was verified theoretically by 

the TD-DFT method, which supports the experimental findings (Figure 5.5, right). The band gap 

for the Phen-Fl-TPA-DPA ligand (Figure 5.6, left) and corresponding Eu
III

 complex (Figure 5.6, 

right) calculated from diffuse reflectance spectra and found both ligand and the complex shows 

similar band gap values (2.6 eV, Table 5.1). Similarly, the absorption studies of Eu
III

 complex and 

Eu(TTA)3·2H2O shows the peaks maxima at 340, 296 nm and 340, 275 nm, respectively.  

The Eu
III

 complex shown similar peaks which are observed for the ligand as well as Eu(TTA)3 

and it is suggesting that the presence of the ligand in the corresponding Eu
III

 complex. The thin 

film absorption study of Eu
III

 complex shown peaks at 312, 378 nm, whereas the solid (diffuse 

reflectance spectra, DRS) shown a wide absorbance from 250 to 440 nm. Ligand in solid state 

was shown peaks maxima at 396, 284 nm. The comparative study of absorption spectra of the 

Eu
III

 complex in solution, thin film and solid indicates that the absorption maximum shift to 

longer wavelength for solid phase as compared to that of complex in solution and thin film. The 

observed bathochromic shift in the absorption spectra is due to the aggregation of the complex in 

the solid state [9]. 

  

Figure 5.5 The UV-Vis absorption spectra of Eu (TTA)3Phen-Fl-TPA-DPA in chloroform 

solution and their comparison study  in solution as well as thin film (left), The ligand absorption 

spectra by theoretical analysis in gas as well as solution (right) 
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Figure 5.6 The DRS of Phen-Fl-TPA-DPA ligand (left) and corresponding Eu
III

 complex (right). 

5.2.3.2.2 Photoluminescence and solvatochromism studies: 

The PL emission of the ligand was shown 400 to 700 nm (wide spectral range 

covering the entire visible spectral window) with a maximum at 517 nm at different 

excitation wavelengths (285, 305 and 365 nm) in chloroform solution (Figure 5.7, right). 

To further, understand the broad emission nature of ligand; the same study (PL excitation 

and emission) was executed in different solvents. Among all the solvents, emission in 

toluene solution shown distinct behavior. It was kept in mind and stimulated for furthered 

analysis. The optical properties of the complex in a thin film, as well as solid form 

(Figure 5.8, left) and their CIE color coordinates (Figure 5.8, right, Table 5.2), are 

studied. In the case of Eu
III

 complex shown characteristic red emission from Eu
III

 ion at 

612 nm, along with that the emission belongs to ligand also been observed ranging from 

400 to 600 nm with peak maxima at 517 nm. Based on the above experimental results, it 

was estimated and attributed that the partial energy transfer from ligand to center metal 

ion lead to orange-red emission, instead of pure red (Figure 5.10). This is because the 

intensity ratio (2:1) of red emission is higher than that of yellow emission from the ligand. 

The CIE color coordinates for the complex in solution (x = 0.34, y = 0.45), solid (x = 

0.44, y = 0.40) and thin film (x = 0.59, y = 0.41) refucting the same. Precipitously came 

to mind about the Latva et al., investigations (i.e) difference between ligand (
3
*) and 

the Eu excited state (
5
D0) should be > 2500 cm

−1 
for efficient ET [15]. It is known that the 

singlet and triplet energy level of the TTA are located at around 25164 (3.12 eV) and 

18954 cm
-1

 (2.35 eV) [16],
 
and Eu

III
 metal ion excited 

5
D0 energy level located at 17500 

cm
-1

 [17]. However, to understand the ET in the Eu
III

 complex; it is essential to know the 

exact location/position of singlet and triplet energy levels of ligand [18]. 
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Figure 5.7 The PL emission spectra of ligand (Phen-Fl-TPA-DPA) and Eu metal ion in 

chloroform solution (left) and the PL excitation and emission spectra of Phen-Fl-TPA-DPA 

(right). a) excitation (ex = 517 nm) and b, c, d, e are emissions at different wavelengths (  em = 

257, 294, 365 and 380, respectively). 

   

Figure 5.8 The comparison of PL emission spectra of europium metal ion in solution, thin film 

and solid (left), CIE color coordinates of the Eu
III 

complex in solution, thin film and solid (right). 

Synthesized Eu
III

 complex and ligand under UV lamp (Eu(TTA)3Phen-Fl-TPA-DPA, 

Eu(TTA)3 and Phen-Fl-TPA-DPA) in different solvents shown in Figure 5.9. The 

solvatochromism is necessary to understand solvent-dependent PL emission of the ligand. The 

PL emission of the ligand was performed in different solvents, such as toluene, dichlorobenzene 

(DCM), tetrahydrofuran (THF), acetone, ethylacetate (EtOAc), chloroform (CHCl3), methanol 

(MeOH), dimethylformamide (DMF), and dimethylsulphoxide (DMSO) and measured their 

stoke’s shift values (Figure 5.10). The obtained results for ligands (from emission spectra) 

interpreted in terms of Lippert-mataga equation. Based on the increasing the polarity of the 

solvent, there is a spectral shift observed towards high wavelength and shown red / batho 

chromic shift. The obtained results and calculations are incorporated in Table 5.2.  
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Table 5.1. The UV-absorption, PL emission and CIE color coordinates data of synthesized Eu
III

-

complex and corresponding ligand. 

S. 

No. 

Compound max (abs) [nm]  

Solution (a)(b)  Thin film (c) 

      ex  (a) 

       [nm]  

   em  (a) (d) 

       [nm]  

PL QY      

  [%] 

1 Eu(TTA)3Phen-

Fl-TPA-DPA 

276, 304, 340  311, 378 276, 304, 365 517, 580, 592, 

612, 652, 703 

 15.3 

2 Phen-Fl-TPA-

DPA 

280,  306, 382     --.-- 275, 294, 365, 

380, 390, 400 

517   --.-- 

3 Eu(TTA)3 273, 340     --.-- 275, 340 580, 592, 612, 

652, 703 

  --.-- 

a) measured in chloroform solution, b) absorption  peaks from the UV-absorption spectra, c) thin film made on 

glass substrate, d) emission peaks from photoluminescence emission spectra.    

       

 

Figure 5.9 Synthesized Eu
III

 complex and ligand under UV lamp. A) Eu(TTA)3Phen-Fl-TPA-

DPA (middle), Eu(TTA)3 (left) and Phen-Fl-TPA-DPA (right). B) In different solvents from left 

to right are ACN, Acetone, MeOH, DMSO, DMF, DCM, Toluene, THF, EtOAc. 

 

 
Figure 5.10 The solvent effect of Phen-Fl-TPA-DPA of PL excitation (left) and emission (right) 

spectra in different solvents. 

The following equations (equation 2.11, 2.12) of Lippert−Mataga describes the 

solvatochromic stokes shift ̅ (expressed in wavenumbers) as a function of the change of the 

dipole moment Δµge = µe – µg of the dye. The several solvents are performed with dissimilar 

dielectric constants (ε) and refractive indices (n) and the plot of ̅ as a function of Δf (Figure 

5.11) indicating that the linear relationship [correlation coefficient r = 0.72] of the Stokes shift 
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for the 9 solvents of DPA ligand. The linear fitting of the ligand shown in Figure 5.11 with 

incorporated with their slope and intercept (cm
−1

). 

 
Figure 5.11 The linear stoke’s shift vs Δf fitting of Phen-Fl-TPA-DPA. 

Table 5.2 PL spectral data of ligands in various solvents. 

Phen-Fl-TPA-DPA λabs (max) (nm) λem (max) (nm) Stoke’s shift (∆ν) (cm
-1

) 

Toulene 428 480 2336 

DCM  367 525 8200 

THF 335 509 10204 

CHCl3 399 517 5569 

EtOAc 364 508 7787 

MeOH 316 448 9324 

Acetone 346 455 6924 

ACN 290 440 11755 

DMF 314 443 9273 

DMSO 348 448 6414 

 

5.2.3.2.3 Theoretical study:  

To understand the reason behind the complete or partial ET, calculated the excited 

energy states of the ligand were calculated by employing TD-DFT methodology 

embedded in G09 programme [19]; which was shown great supportive results of the 

singlet and triplet energy levels located at 23,256 (2.88 eV) and 19,960 cm
-1

 (2.47 eV), 

respectively (Figure 5.12, left). The difference between the triplet excited state and Eu
III

 

metal ion excited 
5
D0 energy level is shown less than 2500 cm

-1 
and also excited singlet 

shown less than 25,000 cm
-1

. The ligand singlet and triplet state energy level, ΔE (
1
*–

3
*) difference is 3296 cm

-1
, which is less than 5000 cm

-1
. These lower energy levels of 

ligand were suggested that the energy can back transfer from Eu
III

 excited state (
5
D0) to 

the ligand is reversible [20]. It is a very clear indirect indication that the PL emission of 

Eu
III

 complex shows both ligand (yellow) and Eu
III

 ion (red) emission. The optimized 
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structure of the ligand (Blue: N) shown in Figure 5.13, right. To calculate the triplet 

energy of the ligand, the emission spectrm was recorded for the corresponding Gd-

complex at 77 K (Figure 5.13).  From the phosphorescence spectra, the triplet energy 

level was found to be at 20,408 cm
-1

, and the slight deviation was observed for 

experimental and theoretical study of the triplet level. The above strategy was supported 

to made idea to get white light emission by a single molecule. If balance the ligand broad 

(BG) emission and Eu
III

 (R) emission can white light generate. Foremost analyzed 

emission spectra for Eu
III

 complex with different concentrations (1, 10, 20 and 75x10
-5 

mmol) in chloroform solution.   

 
Figure 5.12 Energy transfer process from the ligand to Eu

III
 metal ion (left), the optimized 

structure of the ligand (Blue: N). 

 

Figure 5.13 The phosphorescence spectrum of DPA based Gd-complex at 77K. 

However, no distinguished result was observed from the emission spectrum. On 

the other hand, red shift, as well as an increase in the emission intensity, was observed 

(ligand emission) by exciting with different excitation wavelengths for the Eu
III

 complex 

(Figure 5.14, left). The results, emission ratio of the ligand and Eu
III

 complex depicted in 



Chapter 5 
 

171 

 

the bar graph (Figure 5.14, right) as well as CIE coordinates also been given (Figure 5.15, 

left). So further, based on the above explanation of ligand emission strategy in different 

solvents; so it has been carried for the Eu
III

 complex in different solvents and the strange 

response results were perplexed. Perplex to perfection made extremely a white emission 

with appropriate CIE (0.31, 0.32; correlated color temperature (CCT) = 6558 K, Figure 

5.16, right, Table 5.3) color gamut observed from the toluene (Figure 5.16, inset) due to 

the proper balance between primary colors. CIE color coordinates of the Eu
III

-complex in 

different solvents shown in Figure 5.15 right. 

 

Figure 5.14 Exciting with different excitation wavelengths for the Eu
III

 complex in chloroform 

solution (left), the emission intensity ratio of the ligand and Eu
III

 ion in the bar graph for the Eu
III

 

complex in chloroform solution (right). 

  

Figure 5.15 CIE coordinates for Eu complex in different excitation wavelengths (chloroform 

solution) (left), CIE color coordinates of the Eu
III

-complex in different solvents (right). 
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Table 5.3 The CIE coordinates data of Eu
III

 complex (CCT – correlated color temperature). 

S. No. Eu(TTA)3Phen-Fl-TPA-DPA CIE Coordinates CCT 

x y 

1 Acetone 0.55       0.33 1623 

2 Acetonitrile 0.64       0.33 2699 

3 Chloroform 0.34       0.42 5134 

4 Dichloromethane 0.45       0.34 2083 

5 DMF 0.64       0.35 2214 

6 DMSO 0.62       0.33 2359 

7 Ethyl acetate 0.30       0.43 6377 

8 Methanol 0.61       0.32 2401 

9 THF 0.30       0.45 6130 

10 Toluene 0.31       0.32 6417 

 

 

Fig. 5.16 Tthe Eu
III

 complex emission in different solvents and the white light emission in 

toluene with CIE color gamut (inset). 

 In addition, from solvatochromism analysis, it was found that the presently 

synthesized Eu
III

 complex acting as a single component white-light-emitting as well as 

tunable emission color by changing the solvent. The aromatic ring in toluene is more 

important. An antenna (ligand) present in the complex is responsible for partial 

sensitization to obtain white emission. It is due to less difference between the triplet state 

and Eu
III

 excited state. It was expected to be that the free rotation of phenyl rings of DPA 

molecule are sufficient in a less polar solvent (less density), which leads to the decrease 

of the energy level of the excited states of the ligand. In addition, to supporting the same, 

theoretical analysis has been carried to obtain the knowledge about the energy levels by 

arresting the C-C bond of DPA (CBZ). It is clear that the optimized CBZ moiety 
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consisted ligand shown high singlet (25,707 cm
-1

, 3.18 eV) as well as triplet (21,277 cm
-1

, 

2.63 eV) energy levels, which was greater than DPA ligand. More polar solvents like 

ACN, DMF, DMSO, which was shown almost pure red emission reveals the sufficient 

energy gap (complete energy transfer). It is clearly indicating that the solvent plays a 

major role and the aromatic ring in toluene more preferable for white emission. Moreover 

to get the very close bright white emission (CIE, x = 0.33, y =0.33), different excitation 

spectral wavelength analysis were carried out and the results showed that the white 

emission at 380 nm is better (0.34, 0.33; CCT = 5152 K, Figure 5.17) than that of 360 nm 

excitation. For well understanding, CIE (Figure 5.18, left), as well as the emission ratio of 

the ligand and Eu
III

, the complex has also been depicted in the bar graph (Figure 5.18, 

right). 

 

Figure 5.17 Different excitation spectral wavelength analysis of the Eu
III

 complex in toluene. 

      

Figure 5.18 CIE for the different excitation spectral wavelength analysis of the Eu
III

 complex in 

toluene (left), the emission ratio of the ligand and Eu
III

 ion in bar graph for Eu
III

 complex in 

toluene (right). 
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Further understand the polar and less polarity solvent effect on white light 

emission, PL emission  spectra were recorded by mixture of solvents (polar (ACN, pure 

Eu
III

 emission) and less polar (toluene, both ligand, and Eu
III

 emission)) by different ratios 

from 90 : 10 to 10 : 90, respectively (Figure 5.S5). The intensity of the Eu
s
, 612 nm 

emission peak increased from toluene-ACN: 90-10 to 10-90 and the broad emission at 

450-600 nm range decreases. The intense Eu
III

 emission (612 nm) shown higher in the 

pure solvent as compare to that of a mixture of solvents. The corresponding CIE color 

coordinates were also investigated (Table 5.ST1). It has also been observed that the 

decrease of intensity of Eu
III

 peak emission as well as increase the ligand emission by 

mixing of the toluene-EtOAc: 90-10 to 10-90 (Figure 5.S6), respectively and respective 

CIE coordinates are interpreted (Table 5.ST2). The above study plainly indicates that the 

solvent polarity plays a vital role.  

5.2.3.2.4 Temperature dependent PL study: 

Since the Eu
III

 complex was show dual characteristic (bluish-green and red) 

emission in solution. The temperature sensing application was explored for the presently 

standard Eu
III

 complex. The PL measurements were done 283-358 °C temperature range. 

The Eu
III

 complexes with organic ligands also showed high-temperature sensitivity, 

particularly with β-diketonates [21]. In the present study, when the temperature 

increasing, the ligand emission from the complex was enhanced as well as 612 nm 

(characteristic emission of the Eu
3+

 ion) peak intensity decreases and the emission color 

changed from orange-red (283K)  near white (303K)  green (358K) (Figure 5.19). 

Obtained temperature dependent PL emission color tuning will certainly give direction to 

use the presently studied Eu-complex as a temperature sensor. The details of the emission 

in different wavelength at with specific temperatures and respective CIE color coordinates 

were investigated (Figure 5.S7). Figure 5.20 shows the intensity ratio between the ligand 

and Eu
III

 emission (left) as well as the ED and MD transition ratios (right).  

 
Figure 5.19 Eu

III
-complex with different temperatures and in onset, ligand emission from Eu

III
 

complex. 
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Figure 5.20 The bar graph of the ratio of the ligand emission and 612 nm emission from the Eu

III 

complex in different temperature with different excitation from 300-400 nm in toluene (left) and 

the bar graph for Eu complex with its intensity ratio (I2/I1) in different temperatures at 390 nm in 

toluene (right). 

In addition, it is worth to note that the without DPA functionalization on Phen-Fl-

TPA ligand in toluene was shown emission at 380 to 530 nm with 423 nm maxima (blue 

region) [9]. When DPA was connected, the emission shifted to be from 300 to 630 nm 

with a maximum at 480 nm (blue-green). However, the addition of Eu
III

 metal ion to DPA 

ligand the emission spectrum covered from 410 to 630 nm broad range (blue to red) 

(Figure 5.21). It is also observed in other solvents (THF, EtOAc, DCM, CHCl3). 

Although primary RGB color balance was observed in only toluene, which leads to white 

light. To the best of our knowledge white light emission from the Eu
III

 complex with 

imidazole based neutral ligand observed for the first time. It is also notable that, in the 

above-mentioned strategy was also influence the PLQY of the Eu
III

 complex was shown 

15.3%. The PLQY indirectly supports the partial ET from ligand to center Eu
III

 metal ion.  

 

Figure 5.21 The emission of ligand before and after addition of DPA and corresponding DPA 

connected Eu
III

 complex (370 nm) in toluene. 
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5.2.3.2.5 PL Lifetime study: 

From the lifetime measurement, it was assessed that the incomplete energy transfer influenced on 

lifetime decay time. Due to this, the solid was shown less lifetime (75.5 µS) than the solution. 

The succession was followed as DMF (458 μS) > Acetone (261 μS) > DCM (244 μS) > THF 

(224 μS) > CHCl3 (205 μS) > solid under 360 nm excitation (Figure 5.22).  

 
Figure 5.22 Lifetime of the Eu

III
-complex in solid and in different solvents (λexc =360 nm). 

  

Figure 5.23 The lifetime of the Eu
III

 complex at 517 (left) and at 612 nm (right) as emission 

barrier and excited with different excitation source from 300-400 nm in solution phase. 

In order to further understand the energy transfer process and emission 

contribution (ligand and Eu
III

 ion), the PL lifetime measurements with different 

monitoring wavelength were executed. In addition, different excitation wavelengths 

(spectral window, 300 – 400 nm with the interval of 10 nm) have also been used to 

measure the lifetime with the monitoring wavelengths 517/500 nm (solution/solid) ligand 

and 612 nm Eu
III

 emissions in the complex. The lifetime of the complex in solution with 

517 nm as a monitoring wavelength was shown similar outcomes. However, in the case of 

612 nm as a monitoring wavelength; from 300 to 360 nm excitation shown similar results, 

however beyond which the lifetime started decreasing and finally at 390 nm shown very 
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less contribution (shown in Figure 5.23 and 5.24 (bar graphs are shown in inset). In the 

case of solid, the contribution from 612 nm as a monitoring wavelength is more than 500 

nm PL lifetime (Figure 5.25, 5.26).  

The obtained lifetime results (Table 5.4) are clearly supporting that the ligand as 

well as Eu
III

 emission observed in solution, while in the case of solid, little ligand 

emission contribution along with Eu
III

 red emission. The ligand exhibits distinct excited-

state rotation conformation in different polarity solvents, which might be quite common 

in polarity-dependent fluorophores. Therefore, the white-light emission in toluene may 

come from the mixture of either several excited states or even ground states. 

   

Figure 5.24 The pictorial view of the excitation source verses lifetime of the Eu
III

 complex at 

517 and at 612 nm as an emission barrier with different excitation source from 300-400 nm in 

solution phase. The inset of the image indicates that the ratio of lifetime contribution from 517 as 

well as from 612 and its resulting lifetime from 300-400 nm excitation source in solution (left) 

and solid (right). 

   

Figure 5.25 The lifetime of the Eu
III

 complex at 500 (left) and at 612 nm (right) as emission 

barrier; excited with different excitation source from 300-400 nm in the solid phase. 
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Table 5.4 The calculated lifetime of the Eu
III

 complex at 500, 612 nm and 517, 612 nm as an 

emission barrier and excited with different excitation source from 300-400 nm in solid phase as 

well as solution form and their total lifetime contribution (from 500, 612 nm and 517, 612 nm). 

S. 

No. 

Eu(TTA)3

Phen-Fl-

TPA-DPA  

@ 612 

nm 

@ 575 

nm 

Total 

Lifetime 

Eu(TTA)3

Phen-Fl-

TPA-DPA  

@ 612 

nm 

@ 500 

nm 

Total 

Lifetime 

(solution) (in ms) (solid) (in ms) 

1 300 nm 0.42448 0.00168 0.42616 300 nm 0.0557 0.00368 0.05938 

2 310 nm 0.42115 0.00168 0.42283 310 nm 0.0635 0.00370 0.0672 

3 320 nm 0.41922 0.00164 0.42086 320 nm 0.0488 0.00374 0.05254 

4 330 nm 0.42541 0.00165 0.42706 330 nm 0.0568 0.00372 0.06052 

5 340 nm 0.41398 0.00166 0.41564 340 nm 0.0550 0.00373 0.05873 

6 350 nm 0.4139 0.00171 0.41561 350 nm 0.0279 0.00389 0.03179 

7 360 nm 0.4414 0.00167 0.44307 360 nm 0.0520 0.00372 0.05572 

8 370 nm 0.4386 0.00168 0.44028 370 nm 0.0462 0.00372 0.04992 

9 380 nm 0.4122 0.00169 0.41389 380 nm 0.0555 0.00372 0.05922 

10 390 nm 0.0527 0.00170 0.0544 390 nm 0.0664 0.00372 0.07012 

11 400 nm 0.1240 0.00167 0.12567 400 nm 0.0608 0.00372 0.06452 

5.2.3.3 Electrochemical analysis: 

The furthered supportive outcomes were perceived from the electrochemical analysis for 

Eu
III

 complex, as well as ligand and which are shown HOMO energy level is -5.65, -5.72; 

LUMO energy level is -3.13, -3.08; respectively (Table 5.5). The short HOMO/LUMO 

difference between Eu
III

 complex and ligand reveals the above elucidated strategy. The Eu
III

-

complex projected narrow type energy gap is 2.52 eV and slightly higher for the ligand (i.e) 2.64 

eV (Figure 5.26). Figure 5.27 shows the HOMO and LUMO calculated by DFT calculation of 

the ligand (Phen-Fl-TPA-DPA) in eV. Table 5.6 shows the HOMO and LUMO energy levels of 

the ligand with their respective band gap as well as singlet and triplet energy levels. 

 

Figure 5.26 Cyclic voltammogram of Eu
III

-complex and ligand. 
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Table 5.5 Electrochemical properties of the Eu
III

-complex and ligand. 

S. 

No. 

    Compound 𝐕𝐨𝐥𝐭𝐚𝐠𝐞𝐨𝐧𝐬𝐞𝐭
𝐎𝐱𝐢  [V] 𝐕𝐨𝐥𝐭𝐚𝐠𝐞𝐨𝐧𝐬𝐞𝐭

𝐑𝐞𝐝 [V] 

( EHOMO [eV] )         ( ELUMO [eV] )             

  onset,     

[nm]  

Band gap 

𝑬𝒈
𝑶𝒑𝒕

,  [eV] (a) 

1 Eu(TTA)3Phen-Fl-TPA-DPA  1.25 ( -5.65 )                     -1.27 ( -3.13 )  467    2.65 ( 2.52 ) 

2 Phen-Fl-TPA-DPA  1.32 ( -5.72 )     -1.32 ( -3.08 )     466    2.66 ( 2.64 ) 

a) Calculated the onset wavelength of optical absorption (onset) in the solid-state film (DRS spectra).  

In bracket, mentioned their energy difference (HOMO and LUMO) value calculated by cyclic 

voltammogram. 

Table 5.6 The HOMO and LUMO energy levels of the ligand with their respective band gap as 

well as singlet and triplet energy levels. 

Molecule HOMO  HOMO-1  LUMO  LUMO+1 Eg  S1  T1  

in electron volts (eV) 

Phen-Fl-TPA-DPA -4.56 -5.12 -1.39 -1.17 3.17  2.88  2.47  

Eu
III

 metal ion --.-- --.--
 

--.-- --.--
 

--.-- 
5
D0 level = 2.17 

 

HOMO-1 

  

HOMO 

LUMO+1 

  

LUMO 

Figure 5.27 The frontier molecular orbitals of HOMO and LUMO calculated by DFT calculation 

of the ligand, Phen-Fl-TPA-DPA. 
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5.2.3.4 White LED fabrication using DPA based Eu-complex: 

Fortunately, the weak emission observed from the complex in solid form was taken 

as an advantage to fabricate the white LED. The white LED was fabricated by complex 

integrated with 395 nm emitted LED (InGaN) chips under 20 mA forward-bias current 

(Figure 5.28). The excitation source from LED was fully observed by the complex shown 

in different concentrations (1:10 and 1:50 (Eu
3+

:PMMA)). The LED show white emission 

with x = 0.34, y = 0.33 CIE chromaticity coordinates, which are close to the National 

Television Standard Committee (NTSC) standard value. 

 

Figure 5.28 White emission from the LED (395 nm). a is LED without coating and aa is with 

forward bias. b (1:10) and c (1:50) are Eu
III

 complex coated LEDs and bb, cc is in forward bias. 

 

5.3. Carbazole functionalized new bipolar ligand for monochromatic red light emitting 

Eu
III

 complex: combined experimental and theoretical study: 

 

5.3.1 Outline of the present study: 

In the previous section, diphenylamine was integrated with Phen-Fl-TPA ligand and 

studied their complexation behavior with the Eu
III

 metal ion. The complex shown incomplete 

energy transfer from ligand to Eu
3+

 ion leads to single molecular white emissive complex. Here, 

the introduction of carbazole moiety in place of diphenylamine in the complex and their 

influence on photophysical properties of corresponding Eu-complex by means of ET from ligand 

to Eu
III

 metal ion was studied. The synthesized CBZ decorated TPA-phenanthroline-fluorene 

bipolar ligand is Phen-Fl-TPA-CBZ and the corresponding β-diketonate Eu
III

 complex is 

Eu(TTA)3Phen-Fl-TPA-CBZ (Phen-Fl-TPA-CBZ = N,N-bis(4-(9H-carbazol-9-yl)phenyl)-4-(1-

(9,9-diethyl-9H-fluoren-2-yl)-1H imidazo[4,5f][1,10]phenanthrolin-2-yl)benzenamine, TTA = 

Thenoyltrifluoroacetone), respectively. The photophysical and electrochemical studies of the 

bipolar ligand and its corresponding Eu complexes were studied in details. The CIE color 

coordinates were calculated for the complex and it showed NTSC (National Television Standards 
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Committee) standard values. The synthesized bipolar ligand and its corresponding Eu
III

 complex 

structures are represented in Figure 5.29. 

N

NN
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F F
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O O

F

F

F

S

OO

F

F

F

N

N

Eu(TTA)3Phen-FL-TPA-CBZ

Bipolar ligand

Antenna

 
Figure 5.29 Chemical structure of β-diketonate connected bipolar ligand based Eu

III
 complex. 

5.3.2 Experimental section: 

5.3.2.1 General information for synthesis: 

The general information for the synthesis is given in Chapter 2. 

5.3.2.2 Measurements: 

The physical measurements that are used for characterisation is mentioned in Chapters 2 

(2.2.2).  

5.3.2.3 Synthesis:  

The compound synthesis details for 9,9-diethyl-9H-fluoren-2-amine (1-3), 1,10-

phenanthroline-5,6-dione (2-1) and metal complex tris(thenoyltrifluoroacetone) 

europium(III) (Eu(TTA)3(H2O)2) is given in Chapter 2. 4-(bis(4-(9H-carbazol-9-

yl)phenyl)amino)benzaldehyde (3-3)
 
[22] was synthesized by reported literature. The 

synthesis scheme for the ligand and the complex is given in scheme 5.2. 

5.3.2.3.1 Synthesis of N,N-bis(4-(9H-carbazol-9-yl)phenyl)-4-(1-(9,9-diethyl-9H-

fluoren-2yl)-1H-imidazo[4,5f][1,10]phenanthrolin-2-yl)benzenamine (Phen-Fl-TPA-

CBZ): 

Fl (0.751 g, 3.169 mmol) was added to a stirred solution of dione (0.605 g, 2.880 

mmol) in glacial acetic acid (30 mL) at room temperature. To this reaction mixture 

subsequently, ammonium acetate (2.218 g, 28.80 mmol) and 2-3 (1.74 g, 2.880 mmol) 

were added. Then the total resulting mixture was stirred for 12 hrs at 110 °C. The 

progress of the reaction was monitored by TLC (MeOH in Chloroform 1:9, Rf-0.2). The 

reaction mixture was pouring into the minimum amount of water and then ammonium 

hydroxide solution was added. The formed solid was filtered off and dissolved in 

dichloromethane, followed by dried over anhydrous sodium sulphate and the solvent was 

evaporated to get 2.0 g crude compound. The resultant compound was purified by column 
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chromatography by using silica gel (100-200 mesh), eluent with 4% methanol in 

chloroform and the solvent was evaporated and dissolved in minimum amount of THF 

solution added an excess of hexane solvent, the pale yellow color solid was formed. After 

settling of solid, decant and repeated this process three more times and get compound-4 

(51.7%) solid. 
1
H-NMR Data (400 MHz, CDCl3): δ (in ppm) 9.23-9.18 (m, 2H), 9.05 (dd, 

1H), 8.15 (t, 3H), 7.99 (d, 1H), 7.87-7.85 (m, 1H), 7.78 (dd, 1H), 7.71 (d, 1H), 7.63-7.60 

(m, 4H), 7.50-7.36 (m, 16H), 7.31-7.29 (m, 4H), 7.26-7.23 (m, 3H), 7.19-7.16 (m, 2H), 

7.13-7.07 (m, 3H). 
13

C-NMR Data (CDCl3, 100 MHz): δ (in ppm) 152.5, 150.1, 146.7, 

146.1, 145.8, 143.6, 140.8, 136.5, 130.5, 130.1, 129.5, 128, 127.8, 127.4, 125.8, 125.5, 

125.3, 124.1, 123.1, 123, 122.5, 121.3, 120.4, 120.2, 119.9, 119.7, 109.6, 56.7, 32.7, 8.3. 

EI-MS: m/z exp (calc). 1014.22, m/z found 1015.10 [M + H]
+
. 

N N
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Scheme 5.2 Synthetic route of CBZ attached triphenyl functionalized ligand and the 

corresponding  diketonate Eu
III

 ternary complex. 

5.3.2.3.2 Synthesis of Eu(TTA)3Phen-Fl-TPA-CBZ:  

Taken a 50 mL of two neck round bottom flask with nitrogen balloon contained 

adaptor and poured Eu(TTA)3(H2O)2 (83 mg, 0.098 mmol, 1eq) dissolved in dry THF (5 

mL). The ligand (100 mg, 0.098 mmol, 1eq) dissolved in THF (10 mL) and added to 

stirred solution of reaction mixture then stirred for 12 hrs at 70 °C. The resulting mixture 

was concentrated and dissolved in minimum amount of THF and added an excess of 

hexane to get a solid product. After settled of solid, decant and repeated the process for 
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several times and dried to get pale yellow color solid with 100 mg (56.1 %). Elemental 

Analysis: Anal. Calc. for. C96H63EuF9N7O6S3; C, 63.02; H, 3.47; N, 5.36; S, 5.26%, 

Found: C, 63.22; H, 3.82; N, 5.86; S, 5.22 %.  EI-MS: m/z exp (calc). 1829.72, m/z found 

1848.31 [M + H2O]
+
. 

5.3.3 Results and Discussion: 

5.3.3.1 Characterization of the complex: 

The method of Eu
III

 complex synthesis is summarized in Scheme 1 (synthesis 

direction of intermediates were given in scheme S1). The compounds are characterized by 

nuclear magnetic resonance spectroscopy (
1
H and 

13
C NMR, Figure 5.S8-5.S10), LC-MS 

analysis (Figure 5.S11) Fourier transforms infrared spectroscopy (FT-IR) and elemental 

analysis. All the measurements were done at room temperature.  

5.3.3.1.1 FT-Infrared spectroscopy: 

The FT-IR spectrum of ligand and its corresponding Eu
III

-complex was measured 

in the range of 500 - 4000 cm
-1

 (Figure 5.30). The FT-IR spectra of the Eu(TTA)3(H2O)2 

complex shown strong carbonyl (C=O) stretching frequency at 1610 cm
-1

 and the same is 

shifted to 1597 for the Eu(TTA)3Phen-Fl-TPA-CBZ complex. The change in the 

stretching frequency is an indirect evidence to that the β-diketonate (Eu(TTA)3(H2O)2) 

compound coordinated with the neutral ligand [23, 24].  

 
Figure 5.30 FT-IR spectra of the ligand, corresponding Eu

III
-complex and Eu(TTA)3(H2O)2. 

The vibration frequency due to C=N appears at 1593 cm
-1

 for free ligand Phen-Fl-

TPA-CBZ. After the complex formation by using the phen ligand, the C=N peak is 

shifted towards lower wavenumber (1537 cm
-1

) and the same is listed out in Table 5.7. 

These consequences are signifying that the N atoms in ligand are also coordinates with 

Eu(TTA)3(H2O)2 [25]. Compared with the free ligand, the C-H bending vibration peaks of 

phenanthroline derivative in Eu
III

 complex shifted towards the higher wavenumber [26-
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28] All the above strategies are suggesting that the Eu metal ion was coordinated with a 

ligand molecule. 

Table 5.7 The foremost Infrared frequencies (wavenumber in cm
-1

) at room temperature for free 

ligand, its corresponding Eu
III

-complex and Eu(TTA)3(H2O)2. 

(Wavenumber in cm
-1

) Eu(TTA)3Phen-Fl-TPA-CBZ Phen-Fl-TPA-CBZ Eu(TTA)3(H2O)2 

 (C=O) 1597 --.-- 1610 

 (C=N) 1537 1593 --.-- 

 (C-N) 1231 1227 --.-- 

 (C-F) 1303 --.-- 1298 

 (C-CF3) 1137 --.-- 1133 

 (C-H phen) 833,  723 830, 737 --.-- 

 

5.3.3.2 Thermal properties and Powder X-ray diffraction studies: 

To find the thermal stability and glass transition temperature, DSC-TG analysis 

was carried out for the synthesized ligand and its corresponding europium complex. The 

DSC-TGA of ligand and Eu
III

 complex were measured under a nitrogen atmosphere at the 

range of room temperature to 800 °C and the heating rate was maintained 10 °C for min. 

TG analysis of ligand shown major thermal decomposition at 435°C. However, Eu
III

 

complex shown three stage thermal decomposition at 240, 291, 439°C (Figure 5.31, left). 

The Eu
III

 complex is shown thermal decomposition above 240°C with gradual decrease 

and it is due to peripheral molecules. Weight loss with 5% is observed at 235 and 162 for 

ligand and complex, respectively. The good thermal stability of the Eu
III

 complex is 

expected, it may be due to the presence of polarized M–O bond [29]. When compare the 

thermal decomposition of the ligand with Eu
III

 metal complex, a ligand as shown better 

thermal stability (> 435°C). However, it is less than TPA alone ligand and Eu
III

 complex 

also shown less [30]. It is expected due to elimination and/or decomposition of ligand in 

the Eu
III

 complex (which may have been caused by loss of the free ligand from the 

europium complex), it means the presence of TTA moiety and additional TPA, CBZ 

groups in the Eu
III

 complex. The obtained specific heat or glass transition temperature of 

the ligand and Eu
III

 complex are at 137 and 125°C, respectively from the DSC curves 

(Figure 5.31, left corner). This is due to the sample undergoing a change in heat capacity 

without change the formal phase. These results are suggesting that the Eu(TTA)3Phen-Fl-

TPA-CBZ have good thermal decomposition and it can be used for furthered low thermal 

founded analysis.  

The amorphous nature of the ligand and corresponding Eu
III

 complex are studied 

by Powder X-ray diffraction (Figure 5.31, right). The PXRD diffraction studies were 

carried out to evaluate the crystalline or amorphous nature of the ligand and 

corresponding Eu
III

 complex. The PXRD results of the Eu
III

 complex shows the 

amorphous structure. The interplanar distances (d) of Eu(TTA)3Phen-Fl-TPA-CBZ 

complex is shifted to higher value as compare to that of ligand. These changes are 

indicating that the ligand metal coordination presents in the complex.  
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Figure 5.31 DSC-TG (left) and PXRD (right) analysis of the ligand and its corresponding Eu

III
 

complex. 

5.3.3.3 Photophysical properties: 

5.3.3.3.1 UV-Visible absorption and DRS studies:  

Figure 5.32, left shows UV-Visible absorption spectra of the ligand and its 

corresponding Eu
III

 complex was carried out in solution (chloroform solution conc. 1.0 × 

10
-4

 mol L
-1

). The absorption spectrum of ligand in chloroform solution shows absorption 

from 240 to 450 nm with λmax values are 307, 280 and 241 nm for Phen-Fl-TPA-CBZ; 

these bands are attributed to the π→π* transitions of the ligand. Theoretically calculated 

UV-spectra in gas and solvent phase also support the experimental findings (Figure 5.32, 

right). Similarly, the absorption studies of Eu(TTA)3Phen-Fl-TPA-CBZ and 

Eu(TTA)3(H2O)2 shows the peak maxima at 342, 271 nm and 340, 275 nm, respectively. 

The Eu
III

 complexes shown similar peaks which are observed for the ligand as well as 

Eu(TTA)3(H2O)2. It is suggesting that the presence of the ligands in the corresponding 

Eu
III

 complexes, which are listed out in Table 5.8. The study of absorption spectra of the 

Eu
III

 complex in thin film shown peaks at 296, 384 nm (instrumental artefact) and solid 

shown a wide absorbance from 250 to 440 nm and its ligand is shown peaks maxima at 

381, 282 nm, respectively (Figure 5.33, right).  

The comparative study of absorption spectra of the Eu
III

 complexe in solution, thin 

film and solid indicates that the absorption maximum shifts to longer wavelength for solid 

phase as compared to that of complex in solution and thin film. The observed 

bathochromic shift in the absorption spectra is due to the aggregation of the complex in 

the solid phase [31, 32]. The immersed excitation spectrum is differing from the 

absorption spectra. The peak of the ligand in different solutions has shown a red shift with 

compare to that of absorption and the peak intensity at ~411 nm is also depends on the 

polarity of solvent (Figure 5.35, left). The similar peak is also observed in the Eu
III

 

complex in CHCl3. It could be that the molar extinction coefficient is much smaller in the 

n-π* compares to that of π-π* (high energy) transition and it can lead to the spectral shift 

towards shorter wavelength. The similar observations were also been reported [33, 34]. 



Chapter 5 
 

186 

 

The band gap for all the compounds were calculated by using the DRS with the help of 

kubelka-munk function. The acquired data from the DRS is converted to Kubelka-Munk 

function and α is substituted with F(R∞) (α = F(R∞)) (2.1). The (αhν)
2
 (y-axis) was plotted 

against the hν (x-axis) in eV (electron volts) (Figure 5.33) and the calculated band gap 

values are listed out in Table 5.12.  

 

   

Figure 5.32 The UV-Vis absorption spectra of Eu(TTA)3Phen-Fl-TPA-CBZ and its ligand in 

chloroform solution (left), The ligand absorption spectra theoretically calculated. 

Table 5.8 The UV-absorption and PL emission data of synthesized Eu
III

 complexes and ligands. 

S. 

No 

Compoun

d name 
UV max (abs) [nm]  

Solution (a)(b) Thinfilm(b)Solid(b)   

    ex  (d) 

     [nm]  

  PL   em  (a) 

[nm]  

PLQY      

(a)[%] 

1.  Eu(TTA)3

Phen-Fl-

TPA-CBZ                                                            

232, 271, 293, 

307, 342 

296, 

384 

251,327, 

409 

271 (23,902 ε/ 

cm
−1

 M
−1

)
(e)

 

342, 394, 401 

579, 592, 612, 

652, 702 

44.4 

2.  Phen-Fl-

TPA-CBZ 

241, 280, 293, 

307, 342, 362 

--.-- 282, 339, 

381 

258 (33,773 ε/ 

cm
−1

 M
−1

)
(e)

,     

271, 360 

430, 548(c) --.-- 

3.  Eu(TTA)3 

(H2O)2 

273, 340 --.-- --.-- 275, 340 580, 592, 612, 

652, 703 

 

(a) Measured in chloroform solution at 298 K, (b) absorption peaks from the UV-absorption spectra, 

(c) emission peak from solid PL, (d) wavelengths are taken to get the emission of ligands and Eu
III

 

complexes, (e) The calculated molar absorption coefficient. 
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Figure 5.33 The band gap for the ligands and their corresponding Eu
III

 complexes are calculated 

from diffuse reflectance spectra (left), the UV-Vis absorption spectra of Eu(TTA)3Phen-Fl-TPA-

CBZ and its ligand in thin film and solid (right). 

5.3.3.3.2 Photoluminescence studies (PL): 

In general, Eu
III

 complex emission depends on their ligand triplet state population 

as well as the excited state of the Eu
III

 complex energy levels. In the present study ligand, 

Phen-Fl-TPA-CBZ show emission at 430 nm under excitation wavelengths 258, 272 and 

360 nm (Figure 5.34, left) in solution. The same is used as monitoring wavelength (430 

nm) and shown absorption peak at 272 nm. The ligand in the solid state show emission at 

548 nm and the same is used as excitation source. In the case of solid, the ligand emission 

was shifted towards red shift (Figure 5.34, right) is expected due to aggregation.  

 

Figure 5.34 The PL excitation and emission spectra of the ligand, Phen-Fl-TPA-CBZ in 

chloroform (left) and solid (right). 
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5.3.3.3.3 Solvatochromism study:  

The solvatochromism of ligands emission spectra interpreted in terms of Lippert-mataga 

equation. It defines the stoke’s shift in terms of the changes in dipole moment which occur upon 

excitation. According to the increasing the polarity of the solvent, there is a shift observed 

towards high wavelength is called red / batho chromic shift, which are showed in Figure 5.35 

(left and right). The equations 2.2, 2.3 of Lippert−Mataga describes the solvatochromic Stokes 

shift ̅ (expressed in wavenumbers) as a function of the change of the dipole moment Δµge = µe 

– µg of the dye. The several solvents are performed by eq-2.2 with dissimilar dielectric constants 

(ε) and refractive indices (n) and by plotting ̅ as a function of Δf. Figure 5.35 (left and right) 

were represents the Lippert−Mataga plot for Phen-Fl-TPA-CBZ in the solvents listed in Table 

5.9. The Figure 5.36 indicating that the linear relationship [correlation coefficient r = 0.218, 

slope = (29.494) × 10
3
 cm

−1
, intercept = (5.010) × 10

3
 cm

−1
] of the Stoke’s shift plotting ̅  

verses Δf for the 10 solvents of CBZ ligand.  

     
Figure 5.35 The solvent effect of Phen-Fl-TPA-CBZ of PL excitation (left) and emission (right) 

in different solvents. 

Emission of the ligand is shown wavelength fluctuating towards a red shift in the 

solution with increasing solvent polarity (toluene to acetonitrile). It could be explained as 

dipole of the excited state is high in polar solvents and it induces peak shift. The emission 

of the Eu-complex observed under different excitation wavelengths shown intense 

emission peak at 612 nm, attributed to 
5
D0→

7
F2 transition (electrical dipole). The 

Eu(TTA)3Phen-Fl-TPA-CBZ shown characteristic red emission at 612 nm under various 

(271, 342, 394 and 401 nm) excitations. The PL spectrum of CBZ moiety connected Eu
III

 

complex was also measured in thin film and solid phase. The thin film of the Eu
III

 

complex shown red emission at 612 nm under 385 nm and in the solid phase also shows 

red emission at 612 nm under 283 and 365 nm (Figure 5.37). These the systems were 

shown only intense red emission (no ligand emission) and compared with the solid-state; 

no great differences in the emission spectra for Eu
III

 complex in CHCl3 solution were 

observed, except the emission intensity. 



Chapter 5 
 

189 

 

 
Figure 5.36 Stoke’s shift ̅ of Phen-Fl-TPA-CBZ (right) versus the Lippert solvent parameter 

Δf = f(ε) – f(n
2
) (The numbers refer to the solvents in Table S1). The straight line represents the 

linear fit to the 10 data points. 

Table 5.9 PL spectral data of ligands in various solvents. 

Phen-Fl-TPA-CBZ λabs (max) (nm) λem (max) (nm) Stoke’s shift (∆ν) (cm
-1

) 

Toluene 416 425 509 

DCM  270 449 14765 

THF 289 434 11561 

CHCl3 273 438 13799 

EtOAc 255 441 13540 

MeOH 314 454 9821 

Acetone 343 455 7176 

ACN 298 475 12518 

DMF 275 466 14904 

DMSO 263 475 16970 

In detail, the Eu
III

 complexes in solution, thin solid film spin coated on a glass and solid 

show characteristic emission peaks, which are attributed to the intraconfigurational 
5
D0→

7
FJ (J = 

0 - 4) transitions. When use the ligand emission wavelength to excite the Eu
III

 complex, emission 

appears at 579, 592, 612, 652 and 702 nm and these emission lines are corresponding to f-f 

transitions of 
5
D0→

7
F0, 

5
D0→

7
F1, 

5
D0→

7
F2, 

5
D0→

7
F3 and 

5
D0→

7
F4, which indirectly indicates 

that there is energy transfer L to M (Eu
III

 ion). The emission of the europium metal ion 

transitions are observed in the emission spectrum via two main mechanisms (transition): electric 

dipole (ED) and magnetic-dipole (MD). The 
5
D0→

7
F0 transition at 579 nm (single peak) in the 

emission spectra indicates that the all Eu
3+

 ions occupy a site of the same symmetry. The 
5
D0→

7
F0, 

5
D0→

7
F3 transitions are forbidden both in magnetic and electric dipole systems [35] 

and its respective wavelengths 579 nm and 652 nm emission bands are weak. The 592 nm 

emission band is stronger because of magnetic character of the 
5
D0→

7
F1 transition is 

independent of the coordinate environment. The observed transition 
5
D0→

7
F2 at 612 nm is most 

intense induced electronic dipole transition and clearly indicates that the Eu
III

 occupies site 

without inversion centre. The calculated narrow FWHM for solid is 5, the solution is 10 and thin 

film is 13 nm, respectively. 
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Figure 5.37 The PL excitation and emission spectra of the Eu

III
 complex in solution form, thin 

film, and solid phase. 

The symmetry ratio of the Ln coordination sphere processed by the intensity ratio 

of the electric dipole transition (
5
D0→

7
F2) and the magnetic dipole transition (

5
D0→

7
F0). 

The I2/I1 (I7F2/I7F1) ratio of the Eu(TTA)3Phen-Fl-TPA-CBZ in solution, Thin film and 

solid were 16.6, 9.07 and 17.5, respectively. The high I7F2/I7F1 indicates that the symmetry 

of the coordination sphere is low [36]. These results are suggesting that the CBZ 

consisted Eu
III

 complex have a characteristic efficient red emission. The asymmetric 

ratios of the Eu
III

 complex in solution, solid shown high value compare to that of thin 

film. It is due to a number of europium ions occupying in solid (constricted padding of 

metal ions) is high compare to the thin film. It is because of observed photons is become 

less in thin film results decrease in intensity of the hypersensitive 
5
D0→

7
F2 transition in 

complex and leads to high symmetry. In addition, asymmetric ratios of the thin film of the 

complex are high with compare to doped PMMA leads to indicating that the numbers of 

Eu
III

 metal ions are less by doping. It is more representative to consider the high 

polarizability of the chelating β-diketonate ligands is tools to enhancing the intensity. 

From this, it could be expected that the coordination structure of the complex responsible 

for intensity and leads to variation in the symmetry of the complex. 

5.3.3.3.4 Energy transfer mechanism (L to Eu
III

 ion in Eu
III

 complex): 

To understand the reason behind the fully or partial energy transfer, we have 

calculated the singlet and triplet energy states for the bipolar ligand (Figure 5.38) by the 

computational study (DFT and TD-DFT). The theoretical data of the Phen-Fl-TPA-CBZ, 

singlet, and triplet energy levels are shown at 25,707 (3.18 eV) and 21,277 cm
-1

 (2.63 

eV). The singlet energy of the ligand Phen-Fl-TPA-CBZ also been calculated from the 

experimental data (the intercept of the absorption and fluorescence spectra, Figure 5.41) 

and found 25,316 cm
-1

. It is also well known that the singlet and triplet energy level of the 

TTA located at around 25,164 (3.12 eV) and 18,954 cm
-1

 (2.35 eV). The synthesized Eu
III

 

complexes in the present study have energy transfer to center metal ion from both the 
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ligand and TTA. It is well known that the Eu
III

 metal ion excited 
5
D0 energy level located 

at 17,240 cm
-1

. The energy level of the triplet state is higher than 
5
D0 energy level of the 

Eu
III

 complex which is around 4,037 cm
-1

. It is suggested that this energy gap (ΔE) 

between triplet state of the ligand (
3
ππ*) and the Eu

III
 excited state (

5
D0), facile the energy 

transfer from ligand to Eu
III

 ion. It means that the triplet state located higher than 19,740 

cm
−1

. It is also supportive according to the Latva et al., investigations [15]. In addition, 

the energy gap between singlet and triplet states, ΔE (
1
ππ*–

3
ππ*) is above 5000 cm

−1
 

(singlet state should be > 24,740 cm
−1

). These details are indicating that the efficient 

energy transfer from the ligand excited singlet to triplet excited state through ISC occurs 

and subsequently transfer to 
5
D0 excited level of the Eu

III
 ion. The comparative analysis of 

singlet and triplet levels were made and found that the presently studied complex have 

higher energy levels (
1
S (83 cm

-1
) and 

3
T (404 cm

-1
)) than that of TPA based Eu

III
-

complex [33]. This clearly indicates that the inclusion of the CBZ molecule facilitates to 

increase the efficiency by enhanced suitable energy levels through intra molecular energy 

transfer.  

 
Figure 5.38 The energy transfer diagram for the Eu (TTA)3Phen-Fl-TPA-CBZ and with TTA 

molecule (dotted line is non-radiative, normal line is radiative, S = singlet, T = triplet, ET = 

energy transfer) (left), inset (a) Eu (TTA)3Phen-Fl-TPA-CBZ, (b) Phen-Fl-TPA-CBZ and (c) 

Eu(tta)3(H2O)2 in under UV (365 nm) respectively; ground state optimized structures of the 

ligand (right). 

In addition, solvent polarity also may play an important role in the energy transfer 

process. Since, the ligand energy levels could vary depends on the solvent polarity and 

appropriate location of the excited levels of the ligand is more important to achieve 

efficient energy transfer from ligand to Eu
III

 ion. Further, analysis of ligand emission in 

the different solvent made and found the energy gap decreases (leads to red shift) with 

increasing the polarity (toluene to acetonitrile). It indicates that the more polar solvents 

could be suitable to achieve better energy transfer [37]. It is also been documented that 

the ligand charge transfer state could act as a bridging between the triplet level and Eu
III

 

excited level in the energy transfer process. Finally, reach the ground state as radiative red 
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emission (
5
D0→

7
F2). The similar type of energy transfer pathway also been investigated 

and reported with brief particulars [38-41]. The optical properties are investigated after 

six months and no significant changes were observed. It is clearly indicating that the 

complex is air stable one. The ligand and its corresponding Eu
III

 complex are observed 

under normal light and UV-lamp (365 nm) (Figure 5.38, onset).  

Ligand showed blue emission and respective Eu
III

 complex was shown red color, 

respectively. The ground state optimized structure of ligand is shown in Figure 5.38, 

right. An investigation of complex luminescence properties showed that the characteristic 

luminescence of the corresponding Eu
III

 occurs through intramolecular energy transfer. In 

detail that the effective energy transfer between the ligating moieties (Phen-Fl-TPA-CBZ, 

TTA) occur due to the effective overlap between the absorption spectrum of TTA and 

emission spectrum of ligand, Phen-Fl-TPA-CBZ (Figure 5.39). In general, the overlap 

between the emission spectrum of the donor and the absorption spectrum of the acceptor 

is necessary for effective energy transfer. 

 

Figure 5.39 The emission of the ligand (Phen-Fl-TPA-CBZ) and UV-vis absorption spectra of 

TTA at room-temperature. 

5.3.3.3.5 Photoluminescence quantum efficiency (PLQY) and PL Lifetime: 

By using the following formulas (2.2 and 2.3) the quantum efficiency (φ) can be 

obtained. PLQY was measured in chloroform solution. The PLQY of the Eu(TTA)3Phen-

Fl-TPA-CBZ was shown 44.4 % (error 3.879), which is higher than that of recently 

reported without CBZ decorated Eu
III

 complex (Eu(TTA)3Phen-Fl-TPA). In addition, the 

PLQY of the solid was found be higher (15.0 %) than that of TPA based Eu complex 

(Eu(TTA)3Phen-Fl-TPA) (~12.1 %). The results of PLQY in solution as well solid were 

supporting the efficient energy transfer from ligand to center Eu
III

 metal ion. It means that 

the carbazole moiety influence more compared to that of only TPA moiety in the Eu
III

 

complex for the increment of the PLQY. The obtained results were shown better than tri 

nuclear Eu
III

 complex such as Eu3(TTA)9trisphen and also than Eu(TTA)3imidazophen 

[42]. 

The measured lifetime data was fitted with the single exponential function (Figure 

5.40) given by the equation, 𝐼(𝑡) = 𝐼0 + 𝐴1 exp  (
−𝑡

𝜏
); where A1 is the scalar quantity 
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obtained from the curve fitting, t is the time in ms, I0 = 0 is the offset value and τ is the 

decay time value for the exponential component. Luminescence decay curves of the 
5
D0 

excited state were measured at 298 K by monitoring the most intense emission lines 

(
5
D0→

7
F2) of the Eu-ion center at 612 nm and at 360 nm excitation. Further to understand 

the solvent influence; the lifetime was investigated in various solvents (Acetone, DCM, 

DMF, THF) with different polarity and exhibited mono exponential behaviour reveals the 

presence of a single chemical environment around the europium ion. The luminescent 

lifetime values (τ) of Eu
III

 complex found to be 0.53 ms (in CHCl3 solution) and 0.218 ms 

(in solid state, bi-exponential), respectively. It indicates that the non-radiative relaxation 

is high in the case of solid. The lifetime of the ligand is also calculated and found to be 

1.7x10
-3

 (CHCl3 solution). The lifetime changes were observed in different solvents and 

shown decreased in the order of DMF (0.46) > THF (0.44) > DCM (0.39) > Acetone 

(0.38) for Eu
III

 complex. In liquid systems the quenching of lifetime is due to non-

radiative relaxation via vibronic coupling and it is less in the case of the CHCl3 solution. 

It could be C-H vibrational oscillators frequency is less compare to that of O-H and N-H. 

 
Figure 5.40 The lifetime of the Eu

III
 complex in different solvents and in the form of solid. 

5.3.3.3.5 J-O- Spectral parameters: 

The calculated Judd-Ofelt (J-O) parameters of the complex showed 2 and 4 are 8.95 

and 0.90, respectively. The obtained value of intensity parameter, Ω2 (
5
D0→ 

7
F2) is more 

sensitive to the symmetry and reveals covalent bonding environment between Eu
III

 ion and the 

surrounding ligand moiety. In fact, it is higher than that of the calculated J-O for Eu(TTA)3Phen-

Fl-TPA. In addition, the symmetry ratio also improved in the presently studied Eu
III

-complex. 

The overall quantum yield (overall) for a Eu
III

 complex delights the system as a “black box”, in 

which the internal process is not explicitly considered. The overall QY (overall), intrinsic 

quantum yield (Ln) are explained d in the Chapter 2 (section 2.2.3.2.4). The experimental 

branching ratio (β1-3) of the Eu
III

 was also been determined from the relative areas of the 
5
D0–

7
FJ 

emission transitions, which associates with the already predicted Judd–Ofelt theory. The 

obtained ΦLn and energy transfer efficiency (sen) indicates that the currently studied ligand is 

efficient sensitizer for Eu
III

 ion. In addition, the sen is higher than the TPA based Eu-complex. 

All the calculated parameters are tabulated in Table 5.10 and 5.11. 
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Table 5.10 Intensity ratio (I2/I1), J-O parameters (2 and 4) and their experimental branching 

ratios (β1-3) of the complex. 

S. 

No. 

Complex name A0-1 A0-2 A0-4 I2/I1 2  4 1 2 3 

(10
-20

 cm
2
) 

1. Eu(TTA)3Phen-Fl-

TPA-CBZ 

50 759.42 36.11 14.7 8.95 0.90 5.91 89.81 4.27 

2. Eu(TTA)3Phen-Fl-TPA 50 244.43 39.95 4.88 3.36 0.44 14.95 73.09 11.94 

 

Table 5.11 The Radiative (ARAD) and nonradiative (ANR) decay rates, 
5
D0 lifetime (tobs), intrinsic 

quantum yield (Ln), energy transfer efficiency (sen) and overall quantum yield (overall) for 

complex. 

S. 

No. 

Complex name ARAD 

(S
-1

) 

ANR 

(S
-1

) 
obs 

(ms) 

RAD 

(ms) 

Ln 

(%) 

Sen 

(%) 

Overall 

(%)  

1. Eu(TTA)3Phen-Fl-TPA-CBZ 845.53 374 0.218 1.18 18.47 81.21 15.0 

2. Eu(TTA)3Phen-Fl-TPA 334.38 118 0.660 2.99 22.0 55.0 12.1 

 

5.3.3.3.6 Electrochemical Properties: 

Cyclic voltammetry analysis gives significant redox properties to understand the 

energy levels (HOMO and LUMO) of the Eu
III

-complex and ligand molecule. The Eu
III

-

complex onset potential is 1.32; its ligand potential is 1.23, respectively (Figure 5.41, 

left). The reduction wave with onset potentials data was listed in Table 5.12. The HOMO 

and LUMO energy levels were calculated by using equation 2.9 and 2.10.
 
The HOMO 

and LUMO energy level of the CBZ consisted Eu
III

-complex is -5.72 and -3.08. The Eu
III

-

complex projected energy gap is around 2.64 eV. Compared with the reported HOMO 

and LUMO of the Eu(TTA)3Phen [43], the EHOMO of the complex increases 0.56 eV. 

These are one of the interesting results for TTA and Phen contained Eu
III

 complex.  

     

Figure 5.41 Cyclic voltammogram of ligand and its corresponding Eu
III

 complex (left), the 

energy levels of the ligand as well as Eu
III

 complex arrangement (right). 
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In the presently studied ligand, each redox reaction involves a reversible one-electron 

transfer and which is responsible by the presence of phenanthromidazole (phen and imidazole), 

fluorine and TPA-CBZ moieties. The electron deficient phenanthroimidazole moiety receives the 

reduction reaction (cathodic active) and electron rich TPA-CBZ moiety (anodic active) receives 

the oxidation reaction. In addition, it is also worth to note that the DFT analysis showed the 

existence of electron density on the fluorine moiety in LUMO (Figure 5.42). It is indicating that 

the fluorine is receiving the reduction reaction. The redox potentials are in the cyclic 

voltammogram shown not only high peak area waves as well as minor (very less waves) peaks 

around -0.5 V. The reported TPA based complex shown a similar type of two reduction 

potentials; in which one is major another one is minor [30].  

In the case of currently studied CBZ complex also observed the similar behavior with 

positive shifting. It is clear that the minor peaks could be attributed to TPA ligand and not related 

to CBZ moiety in the present complex. In addition, the minor peak is presented in both ligand 

and complex representing that the peak belongs to the ligand only. In detail, the wave at -0.5 V is 

expected due to the presence of phenanthromidazole (phen and imidazole) and fluorine moiety. 

The computational study of optimization is also supporting the same by electron density located 

on phen and fluorine (LUMO). Each redox reaction involves a reversible one-electron transfer, 

and each is attributed to a ligand-based redox process. The energy levels of the ligand as well as 

Eu
III

 complex arrangement has been shown in Figure 5.41, right). 

 
Figure 5.42 The obtained HOMO-LUMO of the ligand. 

Table 5.12 Electrochemical properties of the ligands and respective Eu
III

-complex. 

S. 

No. 

Compound Name 𝐕𝐨𝐥𝐭𝐚𝐠𝐞𝐨𝐧𝐬𝐞𝐭
𝐎𝐱𝐢 [V] 𝐕𝐨𝐥𝐭𝐚𝐠𝐞𝐨𝐧𝐬𝐞𝐭

𝐑𝐞𝐝 [V] 

  ( EHOMO [eV] )       ( ELUMO [eV] )             

  onset, 

[nm] (a) 

Energy gap       

𝑬𝒈
𝑶𝒑𝒕

, [eV] (b) 

1.  Eu(TTA)3Phen-Fl-TPA-CBZ 1.342( -5.72 ) -1.32 ( -3.08 ) 467.8 2.65 ( 2.64 ) 

2.  Phen-Fl-TPA-CBZ 1.23 ( -5.98 ) -1.58 ( -3.17 ) 442.8 2.80 (2.81) 

(a) Calculated from the optical absorption (DRS spectra), (b) Calculated the onset wavelength of optical 

absorption (onset) in solid-state film (DRS spectra).  The energy differences (HOMO and LUMO) 

values calculated by cyclic voltammogram are mentioned in bracket. 
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5.3.3.3.7 CIE Chromaticity coordinates: 

CIE chromaticity coordinates were calculated for ligands and its Eu
III

 complex 

from emission spectral data’s. The CIE color coordinates shown x = 0.61, y = 0.37 and x 

= 0.66, y = 0.33 for Eu(TTA)3Phen-Fl-TPA-CBZ and Eu(TTA)3(H2O)2 (Figure 5.43), 

respectively. In addition, calculated the CIE coordinates for the relevant ligands also, 

which are shown in Figure 5.43. Further, the CIE calculated values for the Eu
III

 complex 

in solid and thin film results are mentioned in Table 5.13. The CBZ connected Eu
III

 

complex results exhibited red color in the CIE gamut color space in three phases and 

close to NTSC (National Television System Committee) standards.  

 

Figure 5.43 The CIE chromaticity coordinates for Eu(TTA)3Phen-Fl-TPA-CBZ in [1) solution, 

2) thin film, 3) solid, 4) Eu(TTA)3(H2O)2 in solution and ligand in 5) solution, 6) solid]. 

Table 5.13 The CIE color coordinates for the ligands and Eu
III

 complexes. 

S. 

No. Compound Name 
Solution (a)(b) Thin film (b) Solid (b) 

x Y x y x y 

1 Eu(TTA)3Phen-Fl-TPA-CBZ 0.61 0.37 0.63 0.36 0.64 0.36 

2 Phen-Fl-TPA-CBZ 0.15 0.10 ---- ---- 0.33 0.40 

3 Eu(TTA)3(H2O)2 0.66 0.33 ---- ---- ---- ---- 

(a) Measured in chloroform solution at 298 K, (b) Emission peaks from PL emission spectra. 

5.3.3.3.8 PMMA film of Eu
III

 complex: 

We investigated the optical properties of Eu-complex incorporated in PMMA 

matrix and the corresponding PL spectra shown in Figure 5.44. The digital photographs 

under 365 nm also shown in the inset of Figure 5.44. The calculated CIE shows good 

color saturation. It is observed that with increase the percentage of Eu
III

 complex doping 

with PMMA, emission intensity increased as well as the CIE color coordinates (0.1 %, x 

= 0.54, y = 0.42; 0.5 %, x = 0.55, y = 0.42 and 1 %, x = 0.61, y = 0.37) move towards 
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pure or saturated red emission. The asymmetric intensity ratio of (I2/I1) Eu
III

 complex 

doped in PMMA shown 0.1, 0.5 and 1% are 5.98, 6.07 and 8.85, respectively. In addition, 

when thin film made doping with PMMA in different ratios; the color intensity as well as 

asymmetric ratio also increases with increasing the doping ratio. It is signifying that the 

concentration of the Eu
III

 complex is influencing on the same. It can be supported by 

asymmetric ratios of the pure thin film is high. The number of observed photons is less in 

doped PMMA results decrease in intensity of the complex and leads to high symmetry.  

      

Figure 5.44 The emission spectra of Eu
III

 complex doped PMMA in different percentage ratio 

(left) and its CIE color coordinates as well as their thin film patterns (right). 

     

5.3.3.3.9 LED fabrication using CBZ based Eu-complex: 

The Eu-complex was conjugated with the InGaN UV LED (395 nm) shown in the 

Figure 5.45. The fabricated LED with 1-10 ratios (Eu-PMMA) was shown orange red 

emission and 1-50 ratio shown yellowish white emission. The increasing the 

concentration of the Eu-complex, increasing of the broad band emission in the region of 

420-550 nm in the Eu-complex was observed. The broad emission in the Eu-complex is 

attributed to the ligand emission and it is leads to deviating from the red emission. To 

support the same, the thin film of the Eu-complex was also shown less intensive ligand 

emission from the complex by increasing the concentration of the Eu-complex. Furthered, 

it can also achieve the white emission by balancing the ligand as well as Eu
III

 ion 

emission. 
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Figure 5.45 LED (395 nm) congugated with Eu-complex. a is LED without coating and aa is 

with forward bias. b (1:10) and c (1:50) are Eu
III

 complex coated LEDs and bb, cc is in forward 

bias. 

5.4 Summary and conclusion: 

In conclusion, the newly synthesized DPA based Eu
III

 complex acting as a single 

component white-light-emitter and it is due to balancing the primary RGB colors in 

toluene. Whereas, the CBZ based Eu-complex shows red emission due to complete 

energy transfer from ligand to Eu
III

 metal ion. The TD-DFT calculations on singlet and 

triplet excited states and PL lifetime studies also support the energy transfer mechanism. 

The temperature dependent PL emission color tuning will certainly give direction to use 

the presently studied DPA based Eu-complex as a temperature sensor. In addition, the 

same conjugated with LED (395 nm) shown bright white light emission with appropriate 

CIE coordinates. In contrast, CBZ based Eu-complex shows red emission from the 

fabricated LED. The PLQY showed better improvement in Eu(TTA)3Phen-fl-TPA-CBZ 

(44.4%). The TGA-DSC analysis was showed good thermal decomposition, is above 270°C. The 

electrochemical analysis was shown HOMO and LUMO energy levels for the Eu
III

-complex is 

around 5.72 and 3.08 eV, respectively. All the experimental findings supports that the currently 

synthesized complexes could be useful in white LEDs and ratiometric temperature sensor.  
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Chapter 6 

 

Mono and binuclear luminescent Eu
III

 molecular complexes for white light 

emitting diodes: combined Experimental and theoretical study 

 

Abstract 

The effect of functionalization of carbazole with spacer in C1 position and fluorine in N1 

position in the phenanthroline-imidazole based bipolar ligand has been designed, synthesised, 

same is utilized to synthesise Eu(TTA)3Phen-Fl-O-CBZ complex and studied their photophysical 

properties. In addition, phenyl and fluorene functionalization in N1 position of phenanthro-

imidazole ring (with alkoxy spacer) and its influence on photophysical properties of their 

binuclear Eu-complexes were systematically investigated. The mono and binuclear Eu-

complexes emission spectra (pure red emission) clearly indicate that the complete energy transfer 

from ligand (L) to Eu
III

 ion occurs, since there is no emission from ligand was encountered 

(confirmed by DFT and TD-DFT calculations). It is found that the spacer molecule can decrease 

the energy gap of HOMO-LUMO energy levels (2.6 eV) with respect to that of without spacer 

one and increment in the singlet and triplet energy levels was also observed, consequences 

efficient energy transfer (L to M). The enhanced QY observed by 1% doping with PMMA as 

compare with other doping concentrations (14.2%). Binuclear Eu show dominant electric dipole 

transition of Eu
III

 ion (
5
D0→

7
F2, confirms the Eu

III
 ion in the non-centrosymmetric site). The 

highest QY (59.5 %, for thin film) obtained for the Eu2(TTA)6(L2). The binuclear Eu
III 

complexes were combined with InGaN near UV LED, obtained pure red emission with CIE 

color coordinate values x = 0.65, y =  0.34 and x = 0.66, y =  0.33 for Eu2(TTA)6(L1) and 

Eu2(TTA)6(L2), respectively. The obtained results indicate that the synthesized complexes are 

potential aspirant for light converting devices. 

 

 

Key words: Europium; spacer molecule; binuclear complex 
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6.1 Introduction: 

Lanthanide based complexes are attractive due to their own merits such as unique 

optical properties (4f-4f and 4f-5d electronic transitions), high quantum yield, long 

luminescent lifetime (μs – ms), low long-term toxicity and structural versatility [1-3]. 

There are numerous reports are available on luminescent lanthanide complexes for 

different applications, such as tunable lasers, plastic optical fiber amplifiers (POFA), 

multi color displays, solar energy convertors, [4, 5] biomedical analyses, optical sensors 

cell [6], tissue imaging, medical diagnosis and protein labelling [7, 8]. Eu
III

 based 

complexes are extensively growing attention for medical diagnostics [9], biomarkers [10], 

electroluminescent materials [11-14], phosphors for white LEDs [15] materials, owing to 

their simple energy levels of Eu
III

, as well as efficient line like or narrow band red 

emission. Eu
III

 and Tb
III

 based complexes exhibit numerous appropriate characteristics, 

when associated with that of conventional organic fluorophores, which makes them 

prominent candidate for the biomedical imaging lighting applications. The long excited 

state lifetimes large energy shift between absorbed and emitted radiations (in the case of 

ligand sensitization) and very narrow emission bands; these two effects allow the 

separation of Ln
III

 luminescence and the short-lived background fluorescence [16].  

It is well documented that the Eu
III

 based complexes are used as ratiometric optical 

sensors by monitoring two major emission bands, most commonly the magnetic dipole 

(MD) 
5
D0 → 

7
F1 (ΔJ = 1) and electric dipole (ED) transition 

5
D0→

7
F2 (ΔJ = 2) bands [17-

19]. The MD induced ΔJ = 1 transition is relatively insensitive to changes in coordination 

sphere whereas the ΔJ = 2 and ΔJ = 4 transitions are hypersensitive and generally change 

substantially upon formation of a new Eu complex. Due to their parity forbidden intra-

configurational 4f–4f transitions, the lanthanide ions feature very low absorption 

coefficients or oscillator strength and hence their direct photoexcitation is inefficient. 

Therefore, it is necessary to introduce organic chromophoric ligands as sensitizers, which 

can indirectly populate the higher excited level via energy transfer to boost the emission 

intensity of lanthanides [20, 21]. The energy transfer or sensitization process usually 

involves a triplet excited state of a ligand, thus requires efficient intersystem conversion 

(ISC) in the ligand (facilitated by the heavy metal ion effect) as well as an appropriate 

alignment of the triplet state energy (T) over that of the accepting lanthanide state(s) [22]. 

In the case of Eu
III

, an optimal energy gap (ΔE) should be in the range of ∼2500–3000 

cm
−1

. In proper alignment of triplet energy to the Eu excited levels (lower ΔE values) 

would enable back energy transfer and thus reduce sensitization efficiency or possibility 

of obtaining multiple emissions from ligand as well as metal centre [23].  

β-diketone based ligands are widely studied and highly represented as one of the 

important “antennas” for facilitating efficient energy transfers to Eu
III

 ion by ligand 

sensitization, as a result producing highly harvested emissions in the respective spectral 

windows [24]. The modification of the ligand structure (β-diketone) on the emission 

quantum yield of Eu
III

 complexes has been reported [25].  
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6.2 Mononuclear Europium complex – Effect of carbazole functionalization with 

spacer moiety in phenanthroimidazole bipolar ligand in Eu
III

 complex on its 

luminescence properties: 

6.2.1 Outline of the Present Study:  

In the previous chapter (3 and 5) phenanthroline-TPA based Eu
III

 complex without spacer 

molecule was designed, synthesised and investigated their photophysical properties [26]. Though 

a few reports are available related to the functionalization of the phenanthro-imidazole neutral 

ligand for different applications and especially electroluminescence materials by an employing 

spacer moieties or molecules are preferred. Arresting the electronic communication between the 

functional groups with the ligating site is more important, which will give enhanced EL 

properties in the OLED device [27, 28]. In the present investigation, efforts have been made to 

separate the electronic communication between the functional moiety to the phenanthro-

imidazole and CBZ group by spacer consisting of ether type of molecule (o-alkly group). In 

general, there are many reports were documented based on carbazole as a hole transporting 

moiety and straight conjugation (connected at C1 position) with phenanthroline-imidazole. In 

addition, an alkyl group at N1 position studied often. Straight conjugation is favourable for the 

low band gap and it is ethical for device applications. Hence, it is capable to get the efficient 

energy transfer leads to high quantum yields. The ligand and the complex were characterized by 

routine spectroscopic techniques. The ligand structure was optimized by using DFT calculations. 

The excited state property of the ligand was studied by time-dependent density functional theory 

(TD-DFT) calculation. The designed and synthesized bipolar ligand involved Eu
III

 complex 

structure is represented in Figure 6.1.  

N

N
O N
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Figure 6.1 Chemical structure of bipolar ligand based Eu

III
 complex. 

6.2.2 Experimental: 

6.2.2.1 Materials:  

The general information for the synthesis is given in Chapter 2. 1, 4-dibromo butane, 4-

hydroxybenzaldehyde, was purchased from Sigma-Aldrich chemicals company.  
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6.2.2.2 Measurements: 

The details of the physical measurement are given in Chapter 2 (2.2.2). 

6.2.2.3 Preparation of PMMA thin film:  

The Eu
III

 complex was doped with PMMA in 0.1, 0.5 and 1% ratio (PMMA : Eu
III

 

= 99.9 : 0.1, 99.95 : 0.5, 99 : 1 in mg) by using chloroform solution with spin coated by 

two stages were at 500 (20 sec) and 2000 rpm (30 sec), respectively. The prepared thin 

films were kept under vacuum at 50 °C for 3hrs to get excess solvent evaporation.  

6.2.2.4 Synthesis:  

The compounds 9,9-diethyl-9H-fluoren-2-amine (Fl, Chapter 2), 4-(4-

bromobutoxy)benzaldehyde (1) and 4-(4-(9H-carbazol-9-yl)butoxy)benzaldehyde (2) was 

synthesized by reported references [29]. Synthesis of 1,10-phenanthroline-5,6-dione and the Eu-

complex tris(thenoyltrifluoroacetone)europium(III) (Eu(TTA)3.2H2O) was mentioned in Chapter 

2. Synthesis scheme was shown in Scheme 6.1. 
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Scheme 6.1 Synthetic route of CBZ attached ether functionalized ligand and the 

corresponding - diketonate Eu
III

 ternary complex. 

6.2.2.4.1 Synthesis of 2-(4-(4-(9H-carbazol-9-yl)butoxy)phenyl)-1-(9,9-diethyl-9H-fluoren-7-

yl)-1H-imidazo[4,5-f][1,10]phenanthroline (Phen-Fl-O-CBZ):  

2 (0.918 g, 4.373 mmol) was taken in round bottom flask and added 4 (1.5 g, 4.373 

mmol) in glacial acetic acid (20 mL) at room temperature. To this reaction mixture subsequently 

ammonium acetate (3.36 g, 43.73 mmol) and 1 (1.14 g, 4.810 mmol) were added. Then resulting 

mixture was stirred for 12 hrs at 110 C. The progress of the reaction was monitored by TLC 

(MeOH in chloroform 1:9, Rf-0.3). The RM was poured into minimum amount of water and then 

added ammonium hydroxide solution. The obtained solid was filtered and dissolved in 

dichloromethane, followed by dried with anhydrous sodium sulphate. The solvent was 

evaporated to get crude compound (0.5 g). This was purified with column chromatography by 

using silica gel (100-200 mesh), eluent with 5% methanol in chloroform. The obtained product 

was dissolved in minimum amount of THF solution added excess of hexane solvent, the pale 

yellow color solid was formed is 400 mg (58.0%). 
1
H-NMR Data (400 MHz, DMSO-d6): δ (in 

ppm) 9.05-9.04 (m, 1H), 8.97 (d, J = 1.6 Hz, 1H), 8.88 (dd, J1 = 1.2 Hz, J2 = 4 Hz, 1H), 8.10 (dd, 

J1 = 2.8 Hz, J2 = 7.8 Hz, 3H), 7.98 (t, J = 6 Hz, 1H), 7.85 (d, J = 1.2 Hz, 1H), 7.85 – 7.79 (m, 

1H), 7.61 (dd, J1 = 1.6 Hz, J2 = 8.0 Hz, 1H), 7.57 - 7.51 (m, 4H), 7.47 - 7.34 (m, 8H), 7.15 (t, J = 

7.2 Hz, 2H), 6.77 (d, J = 8..8 Hz, 2H), 2.06 – 1.96 (m, 4H), 1.84 (t, J = 7.2 Hz, 2H), 1.65 (t, J = 

6.4 Hz, 2H), 0.29 (t, J = 7.2 Hz, 3H), 0.12 (t, J = 7.2 Hz, 3H). 
13

C-NMR Data (100 MHz, DMSO-

d6): δ (in ppm) 159.7, 152.2, 152.1, 150.3, 148.8, 147.8, 144.3, 144.0, 143.3, 140.3, 140.2, 136.9, 

135.5, 130.8, 130.1, 128.7, 127.9, 127.7, 126.8, 126.0, 124.3, 124.1, 123.8, 123.4, 122.6, 122.4, 

122.1, 121.2, 120.7, 119.8, 119.1, 114.4, 109.6, 67.6, 56.7, 42.2, 32.3, 25.5, 14.4, 9.2. ESI-MS: 

m/z = 754.56 [M + H]
+
. 

6.2.2.4.2 Synthesis of Eu(TTA)3Phen-Fl-O-CBZ:  

Taken a 50 mL two neck round bottom flask with nitrogen containing balloon adaptor 

and poured Eu(TTA)3. 2H2O (226 mg, 0.265 mmol, 1 eq) dissolved in dry chloroform (CHCl3) 

(15 mL). To the above solution added mixture of ligand (200 mg, 0.265 mmol, 1eq) in THF (10 

mL) and the reaction mixture (RM) stirred for 12 hrs at room temperature. The resulting product 

was dissolved in minimum amount of THF and added excess of hexane to get solid product is 

pale yellow color with 270 mg (65.0%). Elemental analysis: Anal. Calc. for C76H55EuF9N5O7S3: 
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C, 58.16; H, 3.53; N, 4.46; S, 6.13; Found: C, 57.95; H, 3.82; N, 4.74; S, 6.19%. ESI-MS: m/z = 

1569 [M - H]
+
. 

6.2.2.5 FT-IR spectroscopy: 

The Fourier transforms (FT-IR) spectrum of the europium complex exhibits the νs(C=O) 

absorption band due to a strong interaction between oxygen atoms from β-diketone and 

europium, which leads to stabilization by the resonated chelate ring. As we can see from Figure 

6.2, a shift of C=O stretching in Eu
III

 complex is ∼1597 cm
−1

, while in the Eu(TTA)3 is ∼1610 

cm
−1

. This observation is important and could take as evidence that the Eu
III

 ion is coordinated 

through the β-diketone oxygen atoms.   

 
Figure 6.2 FT-IR spectra of the ligand and corresponding Eu

III
-complex. 

In addition, C=N stretching of the ligand also changed from 1604 cm
−1

 (Phen-Fl-O-CBZ 

only) to 1537 cm
-1

 (Eu(TTA)3Phen-Fl-O-CBZ). All the vibration frequencies are listed in Table 

6.1. The perceived peak at 3432 cm
-1

 is due to water molecules present in the Eu(TTA)3·2H2O, 

which was also observed in the Phen-Fl-O-CBZ as well as Eu(TTA)3Phen-Fl-O-CBZ 

(comparatively less). It is due to absorbed moisture in the KBr palette. However, in the case of 

Eu(TTA)3Phen-Fl-O-CBZ was shown very less intensive peak at ∼3409 cm
-1 

(Figure 6.2) and it 

clearly suggesting that the water molecules in the
 
Eu(TTA)3·2H2O are replaced by bidentate 

Phen-Fl-O-CBZ. 

Table 6.1 The foremost Infrared stretching frequencies (wavenumber in cm
-1

) for free Phen-Fl-

O-CBZ, its corresponding Eu(TTA)3Phen-Fl-O-CBZ complex and Eu(TTA)3. 

(Wavenumber in cm
-1

) Eu(TTA)3Phen-Fl-TPA-CBZ Phen-Fl-TPA-CBZ Eu(TTA)3 

 (C=O) 1597 --.-- 1610 

 (C=N) 1537 1604 --.-- 

 (C-N) 1252 1248 --.-- 

 (C-F) 1305 --.-- 1298 

 (C-CF3) 1141 --.-- 1133 

 (C-H phen) 837,  750 832, 742 --.-- 
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6.2.3 Results and Discussion: 

The results and discussion part briefly emphasises the synthesis of Eu(TTA)3Phen-

Fl-O-CBZ and their photophysical/luminescent properties in detail. The effect of the 

carbazole functionalization of the ligand (Phen-Fl-O-CBZ) and the complexation the 

same has been achieved. The synthesised ligand and complex were characterized by using 

multiple spectroscopic techniques (nuclear magnetic resonance spectroscopy (
1
H and 

13
C 

NMR (Figure 6.S1-6.S2), ESI-Mass spectrometry (Figure 6.S3), Elemental analysis, FT-

IR, etc).  

6.2.3.1 Powder X-ray diffraction (PXRD) studies and Thermal Properties:  

The powder X-ray diffraction of ligand and the corresponding complex is shown in 

Figure 6.3 (left). The complex as well as ligand shows amorphous nature in PXRD analysis. It is 

observed that the d (angle) of the Eu
III

 complex is decreases as compare to that of ligand 

molecule. The shifting of the d (angle) to lower value may refer to the formation of the metal 

ligand bond in the complex. In accordance with that the twisting architecture of the molecule 

may be responsible for the same. 

To study the thermal stabilities of the bipolar ligand and complex, 

thermogravimetric analyses (TGA) and differential scanning calorimetry (DSC) were 

performed (powder samples) under nitrogen atmosphere from ambient temperature to 650 

°C (Figure 6.3). The ligand was shown major thermal decomposition at 344 °C with 

slender decreasing of weight loss. However, the decomposition of the Eu
III

 complex was 

shown with 2 stages, which are 276, 322 °C. The 5% thermal decomposition of the ligand 

and complex are shown at 280 and 274 °C, respectively. The first stage is belongs to the 

TTA and further decomposition is attributed to presence of peripheral groups such as 

fluorene, CBZ moieties. The decomposition of the Eu
III

 complex showed less gradual 

decreasing than the ligand counterpart. It is observed that the thermal decomposition is 

less for ligand than that of complex, which is due to presence of TTA and ligand ternary 

molecules. The DSC of the ligand as well as Eu
III

 complex also been carried out and 

found the glass transition (Tg) temperature 233 and 120 °C. The reduced Tg of the 

complex is attributed to mobility of the complex (Fl, CBZ, Phen and TTA) up on heating. 

   
Figure 6.3 PXRD of the ligand and corresponding Eu

III
 complex (left), TG analysis curves for 

the ligand and its corresponding Eu
III

 complex and in onset mentioned their DSC curves (inset). 
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6.2.3.1 Photophysical properties: 

6.2.3.1.1 UV-Visible absorption and diffuse reflectance spectral studies:  

Luminescent europium complexes considered as a light conversion molecular 

devices by absorbing ultraviolet (UV) radiation and by emitting photons in the visible red 

spectral region. The UV absorption of the ligand and the corresponding Eu
III

 complex are 

measured in chloroform solution (10
-4

 mol/Lt, Figure 6.4).  

   
Figure 6.4 The UV absorption spectra of the ligand and respective complex (left); UV-Vis 

absorption spectra of ligand in DCM/gas (right). 

The ligand shown absorption bands at 259, 294, 308, 327, 345 nm and respective 

complex was shown at 263, 294, 304, 336 nm, respectively (Table 6.2). The peak at ~290 

and 350 nm are belongs to the π–π* transition of the ligand and TTA molecule. 

Consisting of Eu(TTA)3 absorption (273, 340) bands in the Eu(TTA)3Phen-Fl-O-CBZ, 

indicating that the Eu(TTA)3 existence in the complex (Figure 6.4, left). In order to gain 

more information regarding the absorption, the ligand structure was first optimized and 

then UV-absorption of the ligand was calculated in the gas as well in dichloromethane 

(DCM) by DFT calculation (Figure 6.4, right). The gas as well as in DCM shown 

absorption at 318, 307 nm, respectively; which are almost similar to that of experimental 

out comes. The energy gap calculation from the DRS and optimized structure of the Phen-

Fl-O-CBZ are shown in Figure 6.5.  

 

Table 6.2 The UV-absorption and PL emission data of synthesized Eu
III

 complexes and ligands. 

S. 

No. 

Compound 

name 
UV max (abs) [nm]  

 Solution (a) (b)     

    ex  (d) 

     [nm]  

  PL   em  (c)  

       [nm]  

FWHM 

[nm] 

I2/I1 

ratio 

1.  Eu(TTA)3Phen-

Fl-O-CBZ                                                            

263, 294, 304, 336 360, 374(d) 580, 592, 

612, 652, 702 

4.02, 

4.14(d) 

17.1, 

14.6(d) 

2.  Phen-Fl-O-CBZ 259, 294, 308, 327, 345 365, 360(d) 425, 502 (d) --.-- --.-- 

3.  Eu(TTA)3 273, 340 275, 340 580, 592, 

612, 652, 703 
∼ 6 ∼11 

(a) measured at 298 K in chloroform solution, (b) absorption  peaks from the UV-absorption spectra, 

(c) emission peaks from PL emission spectra, (d) values of compounds in solid.  
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Figure 6.5 The energy gap calculation from the DRS (left); optimized structure of the Phen-Fl-

O-CBZ (right). 

 6.2.3.1.2 PL studies and energy transfer mechanism:  

The photoluminescence excitation and emission spectrum in solution as well as 

solid of Phen-Fl-O-CBZ is shown in Figure 6.6. The emission spectrum of the ligand was 

shown emission in the region of blue with peak wavelength at 425 nm in solution and 

shown 502 nm in solid under excitation wavelength at 365 and 360 nm, respectively. Red 

shift was observed for the emission of ligand moving from solution to solid and it could 

be attributed aggregation of the complex in the solid state (Figure 6.6, right). However, 

solid state emission spectrum of ligand shown broad spectrum with peak multiple maxima 

around at 450, 502 and 610 regions. These peaks are belonging to the primary colors 

(blue, green and red), and leads to nearly white light emission. It was also reflecting in the 

CIE color coordinates (Figure 6.13).  

   
Figure 6.6 The PL excitation and emission spectra of the ligand in solution (left) and solid 

(right). 

The excitation and emission spectra of complex in solution and solid is shown in 

Figure 6.7, with different wavelength excitations in Figure 6.8. The deactivation of 
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europium complex of the excited state of 
5
D0 to the ground states 

7
FJ (J=0−4) gives 

typical Eu
III

 emission bands at ∼581, 593, 614, 654, and 702 nm. The excitation spectrum 

was recorded by monitoring the 
5
D0-

7
F2 transition of Eu

3+
 emission line (electric dipole 

(ED) transition). The spectrum consisted board band absorption from 275 to 425 nm 

spectral region. There is Eu
3+

 excitation lines (
7
F0  

5
L6 (394 nm), 

7
F0  

5
D2 (465 nm)), 

were not clearly observed probably it may be overlapped with ligand absorption band, 

other words no Eu
III

 centered excitation bands are seen, pointing to an efficient antenna 

effect [30]. The emission spectrum was recorded by 374 (solution) and 360 nm (solid) 

excitation (ligand absorption). The emission of the complex was also checked by using 

different excitation wavelength (300 - 450 nm) in chloroform as well as solid state. The 

intensity of the complex was reached as high as up to 380 nm in both cases and 

afterwards reduced. Except intensity variation, couldn’t found any other key deviations 

from the normal emission lines of Eu
III

 ion (Figure 6.S12 – 6.S13). In addition, the thin 

film of the complex was analysed (Figure 6.S9). The emission spectrum consists majorly 

with the Eu
3+

 transition. The spectra are mainly contributed by the dominating 

hypersensitive 
5
D0 → 

7
F2 (612 nm) transition as well as relative 

5
D0 → 

7
F1 (592 nm) and 

5
D0 → 

7
F4 (702 nm) transitions (Figure 6.7). The fluorescence that is belongs to ligand 

virtually absent in the spectrum which indirectly indicating that energy that is absorbed by 

the ligand has completely transferred to the Eu
III

 metal centre. In addition, the PL 

excitation spectrum corresponds to the ligand absorption, further indicating the sensitized 

luminescence character of the europium emission.  

   
Figure 6.7 The PL excitation and emission spectra of the Eu

III
 complex in solution form (left) 

and solid (right). 

The appearance of 
5
D0-

7
F0 line in the spectra also with no splitting in the 0-0 

transition, regardless of symmetry, is expected for a single-site occupation of Eu
III

 ion in 

the unit cell [31]. Although the magnetic dipole (MD) 
5
D0 → 

7
F1 transition emission 

intensity is not hypersensitive (does not depend on the chemical environment around the 

luminescence centre), even then splitting of this transition into many stark components 

tells about the site symmetry around Eu
III

 ion. The presence of stark components in this 

transition, of the present Eu complex, favours a single low symmetry site around Eu
III

 ion. 

Moreover, the intensity ratio of this forced ED transition to the MD transition R = 

I(
5
D0→

7
F2)/I(

5
D0→

7
F1), in which I is integrated intensities of the ED and MD transitions. 
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It is related to the presence or absence of an inversion centre (covalent nature of local site 

symmetry) in the coordination sphere. In the present case, the intensity ratio is found to be 

4.14 in solution and 4.02 in solid. The value is very high and suggests a highly low 

symmetric coordination environment around the Eu
III

 ion in the complex is confirmed. 

The full width half maximum (FWHM) of the complex shown very less value (4.02 

(solution), 4.14 (solid)), which is suitable for mono chromatic pure red emission. 

 
Figure 6.8 The emission spectra of Eu

III
 complex under different wavelengths (300 - 450 nm) in 

chloroform solution (left), in solid (right). 

In general, the energy transfer process pathway in europium luminescent complexes 

involves of photoexcitation of the ligands energy to Eu
III

 ion through their triplet (T1) states by 

means of internal conversion; finally, the Eu
III

 ion emits when transition to the ground state 

occurs. The excited states of the Eu
3+

 ion were located at 
5
D3 (24,800 cm

−1
), 

5
D2 (21,500 cm

−1
), 

and 
5
D1 (19,100 cm

−1
), to 

5
D0 (17,500 cm

−1
) becomes feasible by internal conversion. 

Consequently, the energy level’s match of the triplet state of the ligands to 
5
D0 of Eu

III
 is one of 

the key factors, which action of effect influence on luminescent properties of the Eu-complex. It 

is well known that TTA energy levels located at 25,164 (singlet) and 18,954 (triplet) [32]. The 

calculated singlet (S1) and triplet (T1) energy levels of the Eu
III

 complex by DFT and TD-DFT 

analysis were located at 28,025 (3.47 eV) and 22,309 cm
-1 

(2.76 eV) shown in Figure 6.9. The 

ligand excited energies are capable to transfer the energy fully from the triplet state of the ligand 

to 
5
D0 of Eu

3+ 
metal ion. As mentioned previously, according to the Leva et al., calculations ((ΔE 

= E(T1) - E(
5
D0) is 2500 - 4000 cm

-1
; singlet above 25,000 (3.09 eV) and triplet above 20,000 

cm
-1 

(2.47 eV)). These results are supporting the PL emission of the presently studied Eu
III

 

complex. There is no reversible emission possible (due to back transfer) from the complex and 

the same was reveals in the PL emission spectra (no emission in the rage of 400 to 550 nm was 

observed for ligand). The Eu
III

 complex, which consist of without spacer have shown less energy 

singlet level and slight decrease the triplet state was observed (Figure 6.9, right).  

These results are suggesting that the spacer molecule can influence on the excited energy 

levels and can also increase the energy transfer process efficiently. To understand furthered, the 

similar ligand structure which consist of alkyl chain (ethyl) instead of fluorine molecule at N1 

position also been optimized. The calculated singlet and triplet levels of the complex by DFT and 

TD-DFT were shown at 28,357 cm
-1

 and 22,896 cm
-1

, respectively. It is clear that the observed 

increment in both singlet and triplet energy level in ethyl connected ligand is due to the influence 
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of ethyl moiety present in the N1 position of the imidazole ring. However, in the case of fluorene 

connected ligand also have ethyl moiety (different position), but reduced singlet and triplet 

observed compared to that of ethyl connected ligand. It is indicating that the direct connection of 

ethyl at N1- in the imidazole can influence (increase) on the energy levels. It could be expected 

that the fluorene in the complex affects the flexibility of the ligand. This may considerably 

change the predominantly framework leads to sensitization boosted by decrease of vibronic 

quenching effect. Therefore, it supports the consideration of stronger sensitization of the 

synthesized complex than the ethyl based ligand because of the larger energy gap between the 

ligand triplet and the excited states (
5
D0) of europium ion. The similar observations also been 

reported by employing the chain in between the phenyl rings [33].  

 

 
Figure 6.9 The energy transfer diagram for the Eu(TTA)3Phen-Fl-TPA-CBZ and with TTA 

molecule (dotted line is non-radiative, normal line is radiative, S = singlet, T = triplet, ET = 

energy transfer) (left), The energy transfer mechanism for the presently studied ligand compared 

with no spacer ligand and ligand with ethyl moiety instead of fluorine group (right).  

The blue color emission was observed from the ligand under UV lamp, whereas the 

corresponding Eu complex shown red emission at 365 nm. The Eu(TTA)3 also shows red color, 

and the digital photographs under UV lamp is shown in Figure 6.10. 

 

Figure 6.10 Ligand and corresponding Eu
III

 complex under normal light are (a) Phen-Fl-O-CBZ; 

(b) Eu(TTA)3; (c), (b1) Eu (TTA)3Phen-Fl-O-CBZ (under UV-lamp, 365 nm) and (a1) Eu 

(TTA)3Phen-Fl-O-CBZ (under normal light). 
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The QY of luminescence can described as the ratio of the number of photons emitted 

over the number of photons absorbed. PLQY of the complex was measured in chloroform 

solution by means of quinine sulfate as a reference in 1M H2SO4 (φ = 54.6%) at room 

temperature [10]. Overall QY were calculated according to the well-known equation (6.1), 

                                          𝜑𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =
𝑛2 𝐴𝑟𝑒𝑓 𝐼

𝑛𝑟𝑒𝑓
2 𝐴𝐼𝑟𝑒𝑓

𝜑𝑟𝑒𝑓                                     (6.1) 

Here, I is absorbance at the excitation wavelength, A is area of the emission spectrum, n 

is refractive index of solvent, φoverall is the QY of the sample and φref is the quantum yield of the 

standard quinine sulfate solution, respectively. The calculated relative PLQY of the Eu complex 

is 30% (5%) at 358 nm as an excitation wavelength. These outcomes were shown slight higher 

to that of TPA based Eu
III

 complex [26] and results are suggesting that the increasing radiative 

path way by reducing non radiative transition.  

The absolute quantum yield (measured by integration sphere) of the complex also 

calculated by the equation 2.9 and 2.10. The absolute quantum efficiency (measured by 

integration sphere) of the complex was carried out in solution as well as solid and the obtained 

values are 11.5 and 5%, respectively. The thin film of the complex was shown less quantum 

efficiency 1.32%. In addition to understand the QY of the complex by doping with PMMA also 

were calculated and found those to be 10.7 (0.1%), 14.0 (0.5%) and 14.2 (1%), respectively. It is 

also found that reducing the quantum yield by doping with excess of complex with PMMA (8.02 

(5%)). So these results are signifying that the 1% doping is applicable to get high efficiency. 

6.2.3.1.3 Judd-Ofelt and Lifetime analysis: 

The Judd-Ofelt parameters were calculated form the PL emission spectra of the Eu
III

 

complex by well reported literatures method and the details are also been mentioned in the 

previous chapters [26, 34]. The calculated value has been tabulated in Table 3 and the Ω2, Ω4 
values are 10.5, 0.75 (10

-20
 cm

2
), respectively. To get faster Eu

III
 radiative rates, it is necessary to 

design asymmetrical Eu
III

 complexes with larger Ω2. The increment of the Ω2 value was 

observed in the presently studied complex with respective to TPA functionalized Eu
III

 complex. 

It indicates that there exists lower symmetry in currently stuided complex. The determination of 

luminescent decay profiles (
5
D0 lifetimes (τobs)) for the complex by fitting with mono-

exponential curves in different solvents as well as solid are done at room temperature (Figure 

6.11). The values are proposing the presence of a single chemical environment around the 

emitting Eu
3+

 ion and compiled in Table 6.3.  

The single exponential function given by the equation 𝐼(𝑡) = 𝐼0 + 𝐴1 exp  (
−𝑡

𝜏
), where I0 

= 0 is the offset value, A1 is the scalar quantity (from curve fitting), t is the time in ms and τ is 

the decay time value for the exponential module. The lifetime variations was observed in altered 

solvents and the following order was followed CHCl3 (0.62) > DCM (0.61) > Acetone (0.60) > 

THF (0.55) > DMF (0.47) > solid (0.28 ms) at 360 nm. The ligand lifetime values were also been 

calculated and interpreted in Table 6.3 with different excitations. In general, the primary process 

that quenches 
5
D0 excited state of Eu

3+
 in liquid systems by non-radiative relaxation via vibronic 

coupling [35]. The excited state lifetime of 
5
D0 (Eu

3+
) level is usually comparatively long (μs to 

ms scale) [36], which enable energy transfer to high frequency vibrational oscillators such as 

O−H, N−H, and C−H. As a result, the existence of these groups in the close proximity of the 

central metal ion favours quenching of the luminescence. As an according to the obtained results, 

the C-H vibrational oscillators frequency is less compare to that of O-H and N-H. As of this the 

CHCl3 and DCM are shown better results.  
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Figure 6.11 The lifetime of the Eu

III
 complex in different solvents and in the form of solid. 

Table 6.3 The Judd-Ofelt and lifetime analysis of the Eu - complex. 

 

6.2.3.2 Electrochemical Properties: 

The electrochemical properties were calculated for the complex as well as for the 

ligand. The oxidation potentials of the ligand and complex are 1.47 and 1.32 eV, 

respectively (Fig. 6.12). The obtained oxidation potentials and other values were inferred 

in Table 6.4. The oxidation potential of the complex was decreases compare to that of 

ligand. However, similar reduction potential was observed. The equation 2.9 and 2.10 

[37] was used to calculate the HOMO and LUMO energy levels.  

The arrangement of the energy levels of ligand and its corresponding Eu
III

 complex 

were interpreted in Figure 6.12 (right). The band gap of the complex and ligand were 

calculated by DRS spectral analysis (Figure 6.5 left). The energy gap of the complex as 

well as ligand have less compared to that of without spacer consisted TPA complex [22]. 

In addition, it is also have less band gap compared to that of without spacer CBZ ligand. 

These results are suggesting that the spacer arrangement can decrease the energy gap of 

the complex and leads to the efficient energy transfer to get the high quantum efficiency. 

The theoretically calculated HOMO-LUMO energy levels are shown similar observations 

Compound Intensity parameters 

(10
-20

 cm
2
) 

τ / ms 
a
 

Ω2 Ω4 Solid CHCl3 DMF THF DCM Acetone 

Eu(TTA)3Phen-Fl-

O-CBZ                                              

10.5 0.75 0.28 0.62 0.47 0.55 0.61 0.60 

Phen-Fl-O-CBZ 

(10
-3 

ms) 280nm 

---.-- --.-- 1.84 1.91 2.08 2.44 2.47 1.74   

Phen-Fl-O-CBZ 

(10
-3 

ms) 360nm 

--.-- --.-- 2.29 22.86 25.18 26.19 25.77 22.7 

a
 The decay curves were found to be mono-exponential for the β-diketonate Eu

III
 complex and its 

ligand.
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of experimental results (calculated from optimized structure, Figure 6.S2). The electron 

density of the ligand is located on phenanthro-imidazole ring and on Fluorene moiety for 

HOMO and LUMO, respectively. The HOMO-LUMO of the ligand (electron density 

picture) is mentioned in Table 6.5 and their respective values were mentioned in Table 

6.6.  

           
Figure 6.12 Cyclic voltammogram of ligand and its corresponding Eu

III
-complex (left) and the 

energy levels of the ligand as well as Eu
III

 complex arrangement (right). 

Table 6.4 Electrochemical properties of the ligands and respective Eu
III

-complex. 

S. 

No. 

Compound Name 𝐕𝐨𝐥𝐭𝐚𝐠𝐞𝐨𝐧𝐬𝐞𝐭
𝐎𝐱𝐢 [V]   𝐕𝐨𝐥𝐭𝐚𝐠𝐞𝐨𝐧𝐬𝐞𝐭

𝐑𝐞𝐝 [V] 

  ( EHOMO [eV] )       ( ELUMO [eV] )             

onset,   

 [nm] (a) 

Energy gap       

𝑬𝒈
𝑶𝒑𝒕

, [eV](b) 

1  Eu(TTA)3Phen-Fl-O-CBZ 1.32 ( -5.76 ) -1.34 ( -3.14 ) 464  2.67 ( 2.62 ) 

2  Phen-Fl-TPA-CBZ 1.47 ( -5.87 ) -1.33 ( -3.07 )              441  2.81 ( 2.80 ) 

[a] Calculated from the optical absorption (DRS spectra), [b] Calculated the onset wavelength of 

optical absorption (onset) in solid-state film (DRS spectra).  The energy differences (HOMO and 

LUMO) values calculated by cyclic voltammogram are mentioned in bracket. 

Table 6.5 The HOMO and LUMO energy levels of the ligand. 

 Phen-Fl-O-CBZ  

HOMO-1 

  

HOMO 
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LUMO+1 

  

LUMO 

 

Table 6.6 The HOMO and LUMO energy levels of the ligand. 

Molecule HOMO  HOMO-1  LUMO  LUMO+1 Eg  S1  T1  

in electron volts (eV) 

Phen-Fl-O-CBZ -5.29 -5.43 -1.38 -1.13 3.91 3.47 2.76 

Eu(TTA)3Phen-Fl-O-CBZ --.-- --.--
 

--.-- --.--
 

--.-- 
5
D0 level = 2.17 

6.2.3.3 CIE Chromaticity coordinates:  

The Commission Internationale de l´Eclairage (CIE) values of the ligand and the 

respective complex was calculated from PL emission spectra in solution as well as solid (Figure 

6.13). The obtained results are illustrated in Table 6.7. The ligand shown blue emission in 

solution but in the case of solid phase, it was shifted towards white emission. By engineering the 

molecular structure by changing the substitutes, it is possible to generate single molecular white 

emitters. The complex was shown red emission with appropriate CIE values. These are almost 

near to the NTSC standard for pure red emission.  

 

Figure 6.13 The CIE chromaticity coordinates for ligand and Eu(TTA)3Phen-Fl-O-CBZ in 

solution and solid. 
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Table 6.7 The CIE color coordinates for the ligand and Eu
III

 complex. 

S. 

No. 

Compound Name Solution (a)(b) Solid (b) 

x y x y 

1 Eu(TTA)3Phen-Fl-O-CBZ 0.623 0.327 0.643 0.343 

2 Phen-Fl-O-CBZ  0.155 0.05 0.288 0.332 

3 Eu(TTA)3.2H2O 0.66 0.33 ---- ---- 

(a) Measured in chloroform solution at 298 K, (b) Emission peaks from PL emission spectra. 

6.2.3.4 PMMA film of Eu
III

 complex: 

To understand the optical properties of Eu-complex in a matrix, the complex was 

also incorporated in PMMA matrix and the corresponding PL emission spectra respective 

digital photographs are shown in Figure 6.14. The PL emission of the complex in pure 

condition, shown less intensive peak compared to that of doped PMMA. The CIE also 

reflecting the same and 0.1% shown pure emission color coordinates. It is observed that 

with increase the percentage of Eu
III

 complex doping with PMMA up to 1%, the intensity 

is varying and the CIE color coordinates are deviating from red emission. Thus, the 0.1% 

complex with PMMA is superlative for this complex (but relatively quantum efficiency is 

high for 1%). The calculated CIE coordinates are for 0.1 %, x = 0.64, y = 0.35; 0.5 %, x = 

0.58, y = 0.39 and 1 %, x = 0.60, y = 0.38 and their asymmetric intensity ratio of (I2/I1) 

shown 20.4, 12.9 and 15.5, respectively. In addition, the FWHM of the complex shown 

below 4.2 nm, this is highly necessary to obtain pure narrow emission.  

        
Figure 6.14 The emission spectra of Eu

III
 complex doped with PMMA (different percentage 

ratio) as well as pure Eu
III

 complex (left) and its CIE color coordinates as well as their thin film 

patterns (right). 

The Eu-complex thin film excitation and emission spectrum is shown in Figure 

6.15 (A-D). In order to find the variation in the red emission intensities of the complex 

(0.1, 0.5, 1% and 5%), the complex was excited from 300-400 nm and were represented 

in Figure 6.15. In addition, the molar absorption coefficients values were calculated 

generally for solution by using the Beer-Lamberts law. However, the absorbance 

coefficient of the thin film calculated by using this equation. Absorption coefficient (α) = 
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2.303 A/t, where (A) is absorbance and (t) is thickness of thin film [38-40]. The 

absorption coefficient of the pure film (59.889 cm
-1

) as well as 0.1% doped complex with 

PMMA shown almost similar results (41.644 cm
-1

). The detailed analyses of remaining 

have been given in below. The absorption coefficient values are tabulated in Table 6.8. 

Thin film of the complexes were studied with different excitation from 300-400 nm and 

shown in Figure 6.16. Maxima of the intensity at 612 nm emission peak abserved at 240 – 

260 nm excitation.  

 
Figure 6.15 The excitation and emission spectra of the Eu-complex in the form of thin film. 

Table. 6.8 The molar absorption coefficients calculation values. 

Concenration 

(w/w %) 

Absorbance 

(a.u.) 

Thickness of film (cm) Absorption 

coefficient (cm
-1

) 

Pure/ 100 % 0.5201 0.02 59.889 

0.1 % 0.7233 0.04 41.644 

0.5 % 0.20464 0.04 11.782 

1 % 0.34074 0.04 19.618 

5 % 0.410639 0.04 23.643 
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(A) 

 

(B) 

  
(C) 

 

(D) 

 

Figure 6.16 The thin film of the complex doped with PMMA at 0.1% (A), 0.5% (B) and 1% (C), 

The thin film of the complex doped with PMMA at 5% (D). 

6.2.3.5 Fabrication of red LED with Eu
III

 complex: 

The mononuclear complex was integrated with InGaN LED chip to explore the 

possibility of using the complex in warm white LEDs. The obtained results are shown red 

emission and the CIE values are x = 0.65, y = 0.34 in both the ratio (1-10 and 1-50).  
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Figure 6.17 The spectra of Eu
III

 complex coated on the 395 nm emitted LED (InGaN) chip. In 

inset a is the original 365 nm emitted LED chip, aa is under forward bias. b and c are coated 

with binuclear Eu
III

 complex and bb and cc are with forward bias, respectively. 

6.3 Bi-nuclear luminescent Eu
III

 molecular complexes: 

6.3.1 Outline of the present study: 

In the previous part, phenanthroimidazole-CBZ based bipolar ligand for Eu
III

 

complex with ethoxy spacer molecule was explored [41]. In the present investigation, 

design and synthesis two new phenanthroline based ancillary ligands (two 

phenanthroimidazole rings separated by phenyl and ethoxy chain, factionalized in the N1 

position with phenyl and fluorene group) and used for the synthesis of binuclear Eu-

complexes was investigated. The luminescent europium site isolation (can prevent 

concentration quenching effect) can be achieved by using the long ethoxy chain (O-C4H8-

O) along with phenyl (Ph) group. We show that the new two binuclear Eu-complex, 

thereafter labeled Eu2(TTA)3(L1), Eu2(TTA)3(L2) allows both PL and EL show 

characteristic red emission. As compared with mono nuclear complex, dinuclear complex 

presented better thermal stability and achieve stronger luminescence, which makes it a 

promising light-conversion molecular device [42-44]. Some of the literature works [45-

49]
 
shown that the quantum efficiencies of the bi and trinuclear europium complexes are 

higher (about 10%) than mononuclear one, and their lifetimes of these europium 

complexes were longer than the mononuclear ones.  

The chosen phenanthroline moiety is a rigid planar, hydrophobic, electron-

accepting hetero aromatic system, whose nitrogen atoms are exquisitely placed to act 

cooperatively in cation binding for Eu-metal ion. In addition, it can reduce the non-

radiative decay of the excited states of the europium ion, improve the stability of the 

europium complexes, and increase the ET efficiency from the ligands to the europium 

ion. It can also benefit to improve the thermal stability of the complex [50]. The chosen 

flexible alkyl spacer molecule (C-C bond) can make the flexible nature in the complex 
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and can lead to getting high thermal stability [51] It can also help to arrested 

communication between the two phenanthroimidazole moieties to get efficient emission 

from the Eu emissive centre in the complexes [41, 51, 52]. 

Both the ligands and their binuclear Eu-complexes were characterized by various 

spectroscopic techniques (NMR, FT-IR, Mass and elemental analysis). The ligands 

structures were optimized by using DFT calculations and their excited state photophysical 

properties were evaluated by time-dependent density functional theory (TD-DFT) 

calculation. The designed and synthesized ancillary ligands (L1 and L2) and the 

corresponding binuclear Eu
III

 complex (Eu2(TTA)3(L1), Eu2(TTA)3(L2)) molecular 

structure is depicted in Figure 6.18. 
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Figure 6.18 Chemical structure of bipolar ligand and the corresponding binuclear Eu(TTA)3 

complex. 

6.3.2 Characterization of the Eu-complexes:  

The detailed synthetic condition and reactions of ligands and their binuclear Eu
III

 

complexes are summarized in Scheme 6.2.  

6.3.3 Experimental 

6.3.3.1 Materials:  

The details are given Chapter 2 (2.2.2) experimental sections.  

6.3.3.2 Measurements: The instruments details are used in this study given in Chapter 2 (2.2.2) 
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6.3.3.3 Synthesis:  

The synthsis of intermediates were followed previous Chapter 2.  

6.3.3.3.1 Synthesis of di-aldehyde (dial) compound: 

4-hydroxybenzaldehyde was taken in round bottom flask and added acetonitrile (CH3CN) 

solution. To this reaction mixture added potassium carbonate base and stirred for 10 minutes 

then added 1, 4-dibromo butane. The resulting reaction mixture was stirred for 48 h at 85 C 

under nitrogen atmosphere. The resulting of the reaction mixture of was checked by TLC (ethyl 

acetate (EtOAc) in pet ether 2:8, Rf-0.3). The resulting of the compound was filtered to remove 

the excess of the base from the reaction mixture. After that, the reaction mixture was extracted 

with ethyl acetate and followed by dried with anhydrous sodium sulphate. The solvent was 

evaporated to get crude compound (8 g). The obtained crude was purified by column 

chromatography by using silica gel (100-200 mesh), eluent with 15 % ethyl acetate in pet ether. 

The obtained pale yellow color solid was 6.1 g (50.0 %). 
1
H-NMR Data (400 MHz, DMSO-d6): 

δ (in ppm) 9.88 (s, 2H), 7.83 (d, 4H, J = 8.8 Hz), 7.00 (d, 4H, J = 8.4 Hz), 4.14 (br-s, 4H), 2.04-

2.03 (m, 4H). 
13

C-NMR Data (100 MHz, DMSO-d6): δ (in ppm) 190.8, 163.9, 132.0, 131.5, 

129.9, 114.7, 114.0, 67.7, 67.54, 25.8, 25.7, 25.4. 

6.3.3.3.2 Synthesis of 2-(4-(4-(4-(1-phenyl-1H-imidazo[4,5-f][1,10]phenanthrolin-2-

yl)phenoxy)butoxy)phenyl)-1-phenyl-1H-imidazo[4,5-f][1,10]phenanthroline (L1): 

The aniline (0.1.22 mL, 13.42 mmol) was taken in round bottom flask and added dial 

compound (2.0 g, 6.771 mmol) in glacial acetic acid (30 mL) at room temperature. To this 

reaction mixture subsequently, ammonium acetate (5.16 g, 67.11 mmol) and diketo compound 

(2.81 g, 13.42 mmol) were added. Then resulting mixture was stirred for 12 hrs at 110 C under 

nitrogen atmosphere. The resulting of the reaction mixture of was monitored by TLC (MeOH in 

Chloroform 1:9, Rf-0.4). The RM was poured into the minimum amount of water and then added 

ammonium hydroxide solution to neutralize the reaction mixture (pH ~7). The solid was filtered 

and dissolved in dichloromethane, followed by dried with anhydrous sodium sulphate. The 

solvent was evaporated to get crude compound (3.50 g). The obtained crude was purified by 

column chromatography by using silica gel (100-200 mesh), eluent with 4% methanol in 

chloroform. The purified product was dissolved in minimum amount of THF solution added an 

excess of hexane solvent, the pale yellow color solid was formed is 400 mg (55.0%). 
1
H-NMR 

Data (400 MHz, DMSO-d6): δ (in ppm) 9.08 (dd, 2H, J = 2 Hz, J = 4.4 Hz), 9.01 (dd, 2H, J = 1.6 

Hz, J = 8 Hz), 8.94 (dd, 2H, J = 1.6 Hz, J = 4 Hz), 7.87-7.84 (m, 2H), 7.75-7.69 (m, 10H), 7.51 

(d, 4H, J = 8.8 Hz), 7.48-7.45 (m, 2H), 7.33 (dd, 2H, J = 1.2 Hz, J = 8.4 Hz), 6.91 (d, 4H, J = 8.8 

Hz), 4.04 (br-s, 4H), 1.85 (br-s, 4H). Elemental analysis: Anal. Calc. for C54H38N8O2: C, 78.05; 

H, 4.61; N, 13.49; Found: C, 77.99; H, 4.58; N, 13.55 %. EI-mass: m/z, Cal. 830.93; found 

831.52 (M+1). 

6.3.3.3.3 Synthesis of 2-(4-(4-(4-(1-(9,9-diethyl-9H-fluoren-7-yl)-1H-imidazo[4,5-

f][1,10]phenanthrolin-2-yl)phenoxy)butoxy)phenyl)-1-(9,9-diethyl-9H-fluoren-7-yl)-1H-

imidazo[4,5-f][1,10]phenanthroline (L2): 
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The same procedure which is followed for the L1 was carried out to synthesis of the 

ligand L2. NMR Data (400 MHz, DMSO-d6): δ (in ppm) 9.07 (m, 1H), 9.01 (d, 1H, J = 8 Hz), 

8.91 (d, 1H, J = 4 Hz), 8.17-8.10 (m, 1H), 7.99-7.97 (m, 1H), 7.89-7.87 (m, 2H), 7.68-7.62 (m, 

1H), 7.55 (d, 2H, J = 9.2 Hz), 7.49-7.47 (m, 2H), 7.42-7.38 (m, 3H), 6.81 (dd, 2H, J = 2.4 Hz, J 

= 8.8 Hz), 3.95 (br-s, 2H), 3.80-3.79 (m, 1H), 3.68-3.65 (m, 1H), 2.03-2.00 (m, 4H), 0.32-0.28 

(m, 3H), 0.16-0.11 (m, 3H). 
13

C-NMR Data (100 MHz, DMSO-d6): δ (in ppm) 165.0, 159.7, 

152.3, 152.2, 150.3, 148.8, 147.9, 144.1, 143.3, 140.1, 136.9, 135.5, 130.9, 130.1, 128.7, 128.0, 

127.8, 127.7, 126.9, 124.3, 124.2, 123.8, 123.4, 122.6, 122.4, 122.1, 121.2, 119.9, 114.5, 97.6, 

82.9, 68.7, 67.6, 66.1, 56.75, 33.6, 32.3, 25.5, 23.7, 8.74, 8.51. Elemental analysis: Anal. Calc. 

for C76H62N8O2: C, 81.55; H, 5.58; N, 10.01; Found: C, 81.49; H, 5.50; N, 10.11 %. EI-mass: 

m/z, Cal. 1118.5; found 1120.24 (M+1). 

6.3.3.3.4 Synthesis of Eu2(TTA)6(L1):  

Taken two neck round bottom flask (50 mL) with nitrogen containing balloon adaptor 

and poured Eu(TTA)3.2H2O (205 mg, 0.240 mmol, 1 eq) dissolved in dry chloroform (CHCl3) 

(15 mL). To this solution, added mixture of compound L1 (200 mg, 0.240 mmol, 1eq) in 

chloroform (10 mL) and the reaction mixture (RM) stirred for 12h at 60 C temperature. The 

resulting product was dissolved in minimum amount of THF and excess of hexane added to get a 

solid product. The obtained final pale yellow color product was 414 mg (70.0 %). Elemental 

analysis: Anal. Calc. for C102H62Eu2F18N8O14S6: C, 49.76; H, 2.54; N, 4.55; S, 7.81; Found: C, 

49.70; H, 2.48; N, 4.62; S, 7.89%.  

6.3.3.3.5 Synthesis of Eu2(TTA)6(L2):  

The same procedure which is followed for the Eu2(TTA)6(L1) was carried out to the 

synthesis of the ligand L2. Elemental analysis: Anal. Calc. for C124H86Eu2F18N8O14S6: C, 54.15, 

H, 3.15, N, 4.07, S, 7.00; Found: C, 54.01, H, 3.10, N, 4.00, S, 6.95%. 
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Scheme 6.2 Synthetic route of the spacer (ether) attached and N1-functionalized 

phenthroimadazole ligand and the corresponding - diketonate Eu
III

 ternary binuclear complex. 

6.3.3.4 FT-Infrared spectroscopy: 

The infrared spectra of the ligands and their binuclear Eu-complexes were measured at 

room temperature in the spectral window of 500 - 4000 cm
-1

. The observed major strong 

carbonyl (C=O) stretching frequency functional group of Eu(TTA)3. 2H2O complex found to be 

at 1614 cm
-1

 and which is further shifted to 1601 cm
-1

 for the Eu2(TTA)6(L1) and 1599 cm
-1

 for 

the Eu2(TTA)6(L2), respectively (Figure 6.17).  

 
Figure 6.17 FT-IR spectra of the ligands and corresponding Eu

III
-complexes as well as 

comparison with Eu(TTA)3. 
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These stretching frequency deviations in the IR spectra, are the evidence that the -

diketonate (Eu(TTA)3) is coordinated with ligating (N,N)  phenanthroline group in the ligands 

(L1 and L2), respectively. It leads to the formation of the C=N bond and is converted into a 

structure of C=N–Eu-O bond in the final binuclear Eu-complexes. In addition, the vibrational 

frequency of C=N appears at 1605 cm
-1

 (L1) and 1602 cm
-1

 (L2) in the ligands were shifted to 

1538 and 1537 cm
-1 

in the complexes, respectively. These major functional groups changing in 

the spectra are indicated that the ligand coordinated with Eu
III

 ion in the binuclear complexes. 

Further, it was also supported by remaining functional groups varying from ligand to Eu-

complex, which are tabulated in the Table. 6.9. These obtained results are concluding that the N 

atom in ligand coordinates with Eu(TTA)3 complex. 

Table 6.9 The Infrared frequencies (wavenumber in cm
-1

) at room temperature (RT) for free 

ligands and its corresponding Eu2(TTA)3(L1), Eu2(TTA)3(L2) complex and Eu(TTA)3. 

(Wavenumber in cm
-1

) Eu2(TTA)3(L1) Eu2(TTA)3(L2) L1 L2 Eu(TTA)3 

 (C=O) 1601 1599 --.-- --.-- 1614 

 (C=N) 1538 1537 1605 1602 --.-- 

 (C-N) 1249 1250 1247 1245 --.-- 

 (C-F) 1307 1306 --.-- --.-- 1300 

 (C-CF3) 1142 1140 --.-- --.-- 1137 

 (C-H phen) 832, 786 835, 785 836, 742 839, 740 --.-- 

6.3.4 Results and Discussion: 

The synthesis of binuclear Eu-complexes (Eu2(TTA)6(L1) and Eu2(TTA)6(L1)) 

and their photophysical properties were discussed in detail in the results and discussion 

part. The effect of N1 functionalization of the ligand by phenyl and fluorene moiety (L1 

and L2) and the binuclear Eu complexation by the same has been accomplished. The 

synthesized ligands and their corresponding binuclear Eu-complexes were characterized 

by using various spectroscopic techniques (nuclear magnetic resonance spectroscopy (
1
H 

and 
13

C NMR, Figure 6.S4-S6), ESI-Mass spectrometry (Figure 6.S7), Elemental 

analysis, Fourier transforms infrared spectroscopy (FT-IR), etc.). Coordination of the 

ligand and the complex confirmation made by FT-IR and elemental analysis confirmed 

the presence of elemental compositions (C, H, N) in the molecular Eu-complex. The 

thermal decomposition and morphological study of the ligands as well as the 

corresponding binuclear Eu complexes also been discussed. The synthesized binuclear 

Eu
III 

complexes were imbedded in a PMMA matrix with different Eu
III

 complex 

concentrations and studied their photophysical properties. The detailed PL excitation and 

emission spectra express the essential information regarding the spectral characteristics of 

the attached chromophoric ligating group and the site symmetry with respect to Eu
III

 ion 

in the complex. The theoretical calculations were performed by using density functional 

theory (DFT)
 
frame work using B3LYP/6-31G (d, p) level of theory, to estimate the 

energy levels to support the mechanistic pathway of energy transfer from ligand to Eu ion 

in the complex. 
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6.3.4.1 Thermal Properties and Powder X-ray diffraction (PXRD) studies: 

The thermal behaviour of the ligand (L1 and L2) and the corresponding binuclear 

Eu-complex (Eu2(TTA)6(L1) and Eu2(TTA)6(L2)) under a nitrogen atmosphere were 

examined by means of thermogravimetric analysis (TGA). The general profile of the 

weight loss for the ligands and the binuclear Eu-complexes are displayed in Figure 6.18. 

The TGA of the complexes, Eu2(TTA)6(L1) and Eu2(TTA)6(L2) shown 10 % 

decomposition at 283 and 279 C, respectively. The TGA of the complexes, 

Eu2(TTA)6(L1) and Eu2(TTA)6(L2) are shown first minor mass loss of approximately 

6.01 % in the range of 110 to 165 °C, which corresponds to the elimination of coordinated 

water and solvent molecules in the structure. The major second decomposition observed 

for the complexes (Eu2(TTA)6(L1) and Eu2(TTA)6(L2)) at 320 C (lost 12.1 % and 

reached to 87.8 %) and 316 C (lost 11.8 % and reached to 88.1 %), respectively. This 

corresponds to the degradation of the TTA ligand in the molecular structure. The third 

decomposition undergoes at 438 (lost 54 % and reached to 64 %) and 404 C (lost 61 % 

and reached 38.9 %) and the final decomposition undergoes at 651 and 545 C, 

respectively. This is corresponds to the decomposition of the ancillary ligands (presence 

of fluorene, Phenyl, phenanthroline groups). 

The ligand (L1 and L2) thermal decomposition temperature is high as compared to 

that of the corresponding binuclear Eu-complexes. The first minor decomposition of 

ligands (L1 and L2) shown at 184 and 170 C belongs to the water molecules and major 

decomposition at 403 (lost 8.26 % and reached to 91.7 %) and 417 C (lost 14.1 % and 

reached to 85.8 %), respectively. The temperature at 442 and 225 C observed 10 % 

weight loss, which could be attributed to the decomposition of ligand fragments (fluorene, 

Phenyl, phenanthroline groups) presence in the ligand moieties.  

    
Figure 6.18 TG analysis curves for the ligands (L1 and L2) and its corresponding binuclear Eu

III
 

complexes ((Eu2(TTA)6(L1) and Eu2(TTA)6(L1)) and in onset mentioned their DSC curves. 

The DSC studies of the ligands and the corresponding binuclear complexes show 

the glass transition temperature (Tg) ranging from 137 to 333 C. The ligand moieties are 

shown good Tg values as compare to that of corresponding Eu complexes (the same is 

marked in the DSC curve in Figure 6.18 right). The Tg of the ligands L1 and L2 are 333 
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and 235 C as well as respective complexes, Eu2(TTA)6(L1) and Eu2(TTA)6(L2) shown 

142 and 137 C, respectively. The PXRD analysis of the complexes was shown broad 

diffraction peaks and is indicating that the amorphous nature of the complexes (Figure 

6.19).  

 
Figure 6.19 The PXRD analysis of the complexes, Eu2(TTA)6(L1) and Eu2(TTA)6(L2). 

6.3.4.2 Photophysical properties: 

6.3.4.2.1 UV-Visible absorption and Diffuse Reflectance Spectral studies:  

The absorption spectrum of the ligands (L1 and L2) and the corresponding binuclear Eu-

complexes is shown in Figure 6.20, left. Both the ligands and Eu complexes show similar 

absorption spectral profiles, however, the absorption edge of the Eu complex is slightly shifted 

towards near UV region (extending to a longer wavelength from 350 to 400 nm).  

   
Figure 6.20 UV absorption spectra of the bipolar ligands and binuclear Eu-complexes 

(left); band gap calculations from the UV-absorption spectra (right). 

In addition, the absorption peak consists shoulder in the near UV region, which is not 

present in the case of ligands. The strong absorption in the UV to near UV region is due to strong 

 to * transition of aromatic chromophores present in the complex as well as ligand moieties. 
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The occurrence or coordination of the bipolar ligand not only enhances the absorption intensity 

but also fulfills the high coordination number of the central metal Eu
III 

ion. Thus improves the 

coordination saturation as well as thermal stabilities of binuclear Eu-complexes. The calculated 

absorptions peaks are tabulated in Table 6.10. The band gap was calculated for all the 

compounds by converting the UV-visible data (Figure 6.20, right) into Kubelka-Munk function.
 

The acquired spectrum is converted to Kubelka-Munk function ( = F(R), equation 2.1) [53]. 

Table 6.10 The UV-absorption and PL emission data of synthesized binuclear Eu
III

 complexes 

and ligands. 

S. 

No. 

Compound 

name 
UV max (abs)[nm]  

 Solution (a) (b)     

exc [nm] 

Solution/solid 

  PL   em  (c)  

       [nm]  

FWHM 

[nm] 

I2/I1 

ratio 

1  Eu2(TTA)6(L1) 246, 284, 335 321, 374 /272, 

230, 426(d) 

580, 592, 

612, 652, 702 

4.31/ 

4.43(d) 

14.2/ 

13.8(d) 

2  Eu2(TTA)6(L2) 245, 285, 335 320, 365/270, 

230, 438(d) 

580, 592, 

612, 652, 702 

4.78/ 

6.26(d) 

16.0/ 

10.2(d) 

3  L1 249, 269, 290, 324 347/275, 320, 

365(d) 

425/448(d) --.-- --.-- 

4  L2 248, 271, 289, 326 352/276, 315, 

365(d) 

425,/521(d) --.-- --.-- 

5  Eu(TTA)3 273, 340 275, 340 580, 592, 

612, 652, 703 
∼ 6 ∼11 

(a) Measured at 298 K in chloroform solution, (b) absorption peaks from the UV-absorption spectra, 

(c) emission peaks from PL emission spectra, (d) values of compounds in solid.  

6.3.4.2.2 Photoluminescence studies:  

The binuclear Eu
III

 complexes PL excitation spectra in solution state in chloroform 

solvent, c = 1 × 10
−5

 M were recorded at room temperature and are displayed in Figure 

6.21 (left). The ligands, L1 and L2 in solution form are shown emission at a blue region 

which is 425 nm at excitation wavelength 347 and 352 nm, respectively. However, the 

ligands, L1 and L2 in the solid state shown emission at 448 and 521 nm with excitation 

wavelength 365 nm, respectively (Figure 6.21, right). The spectral shifting (bathochromic 

shift) from the solution to solid was observed and attributed to the aggregation of the 

molecule in the solid state (well documented). In case of binuclear Eu-complexes the 

excitation spectral profile was taken by monitoring the high intense 
5
D0 → 

7
F2 (612 nm) 

electric dipole transition of the Eu
III

 ion. The spectra consist of broad absorption in the 

UV to near UV region (broad band between 275 and 425 nm), which can be assigned to 

the π–π* electronic transition of the aromatic moieties present in the ligand. The absence 

of 4f–4f electronic transitions of the Eu
III

 ion in the absorption spectrum evidence that the 

luminescence sensitization via the excitation of the ligand. It is effective in the presently 

studied binuclear Eu-complexes.  

The PL emission of the binuclear complexes and ligands were studied in solution 

as well as in solid state (Figure 6.22). The emission bands are observed for 

Eu
III

 complexes at around 579, 592, 612, 650 and 695 nm, and are attributed to the 
5
D0–

7
FJ (f–f transitions) with J = 0, 1, 2, 3 and 4, respectively. The 

5
D0 → 

7
F0 transition is 

weak and situated at 579 nm (single peak) due to 
5
D0-

7
F0 transition indicates that all Eu

III
 

ions in the structure occupy a site of the same symmetry and experience the similar 
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crystal field perturbation in the complex. The moderately strong 
5
D0 → 

7
F1 transition is 

indicated when Eu
III

 ion occupies the center of the symmetric site and this MD transition 

is independent of the coordinate environment. The hypersensitive ED 
5
D0 → 

7
F2 transition consists of a strong emission at 612 nm.  It leads to red luminescence 

and the local environment of the Eu
III

 ion sense to be more non-symmetrical. The 

observed broad peaks at about 650 as well as 695 nm correspond to the 

D0 → 
7
F3 and 

5
D0 → 

7
F4 transitions, respectively. It was noted that the absence of a 

broadband in the 380–530 (solution) and 380-700 nm region corresponding to 

the ligand emission in the emission spectra highlights that efficient ligand-to-metal energy 

transfer happens in the presently studied binuclear Eu-complexes.  

   
Figure 6.21 The PL excitation and emission spectra of the ligands (L1 and L2) in solution (left) 

and solid state (right). 

     
Figure 6.22 The PL excitation and emission spectra of the binuclear Eu

III
 complex in solution 

(left) and solid state (right). 

The emission intensity of the electric dipole transition is more intense and it reaches the 

characteristic red emission. The europium ion site symmetry or asymmetric ratio was calculated 

from the integrated emission intensity ratio of the 
5
D0-

7
F2 transition to 

5
D0-

7
F1 transition (I2/I1) 

from the PL emission spectra of the complexes in solution as well as solid state.
 
The intensity 
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ratio (I2/I1) of the Eu
III

 complex, Eu2(TTA)6(L1) in solution and solid are 14.2 and 13.8; 

Eu2(TTA)6(L2) in solution and solid are 16.0 and 10.2; respectively. The intensity ratio of the 

solution was found to be higher than that of solid. It is also signifying that the Eu
III

 ion occupied 

non-centre of symmetry site in the complex. In addition, it was clear that the Eu
III

 ion and ligand 

have strong coordination interaction. As compared with the intensity ratio (I2/I1) of Eu(TTA)3 

was around 11.5 which is indicating that the current synthesized Eu-complexes are in high-

intensity ratio than Eu(TTA)3 in solution. The calculated full width at half maximum (FWHM) 

values are 4.31 and 4.78 nm (solution); 4.43 and 6.26 nm (solid) for Eu2(TTA)6(L1) and 

Eu2(TTA)6(L2), respectively. The less value of FWHM for the complexes is indicating that the 

narrow emission intensive characteristic band is very much suitable to achieve the efficient red 

emission.  

It is generally believed that the energy transfer process proceeds through triplet (
1
T) 

pathway in the europium luminescent molecular complexes. Understanding the energy transfer 

process from ligand to center metal ion is very much necessary, thus it is necessary to gain and 

understand the excited energy levels of Eu
III

 ion as well as the ligand. Since the energy transfer 

from the organic part towards metal ions occurs efficiently by two different pathways. In which 

the first one, described by Forster, It takes into an account of multipolar interactions between 

distinct oscillating centers [54]. The second one is Dexter’s mechanism, postulates energy 

transfer through the electron exchange between the organic chromphoric ligand and lanthanide 

ion in the complex [55, 56]. The similar nature of this process requires an overlap of the 

emission spectra of the donor (ligand) and the absorption spectra of the acceptor. Based on this 

criteria it was examined by the overlap between the emission spectrum of the ligand (L1 and L2) 

and absorption spectra of the TTA (acceptor). The overlap observed in the region of 375-450 nm. 

It is clearly indicating that the energy transfer process can appear through ligand triplet level to 

TTA triplet excited state through intra molecular energy transfer [57, 58].
 
The process implicates 

the photoexcitation of the ligand (antenna or organic chromophore) energy to Eu
III

 ion via their 

triplet (
3
T) states by means of internal conversion; finally, the Eu

III
 ion emits photons to ground 

state from first excited levels (
5
D0). It is also well documented that the Eu

III
 excited levels were 

located at 
5
D3 (24,800 cm

−1
), 

5
D2 (21,500 cm

−1
), and 

5
D1 (19,100 cm

−1
), to 

5
D0 (17,500 cm

−1
) 

feasible by internal conversion (thermal activation) [59].  

The energy level matching is the key factor one need to consider for efficient energy 

transfer from ligands to Eu
III

 ion in the complex. Thus, the energy level’s match of the triplet 

state of the ligands to 
5
D0 of Eu

III
 is one of the vital factors, which directly influence the PLQY 

of the Eu complex. It is also well known that anionic ligand (TTA) energy levels located at 

25,164 (singlet) and 18,954 (triplet) [26]. The presently calculated singlet (
1
S) and triplet (

3
T) 

energy levels of the Eu
III

 complex by DFT and TD-DFT analysis of L1 and L2 were located at 

29,013 (3.59 eV), 27,172 (3.36 eV) cm
-1 

(singlet)
 
and 22,173 (2.74 eV), 22,152 cm

-1 
(2.74 eV) 

(triplet), shown in Figure 6.23. These obtained outcomes are showing capable of transferring the 

energy from the triplet state of the ligand to 
5
D0 of Eu

III 
metal ion efficiently. These results were 

also supported according to the Latva et al., calculations [22] ((ΔE = E(T1) - E(
5
D0) is 2500 - 

4000 cm
-1

; singlet above 25,000 (3.09 eV) and triplet above 20,000 cm
-1 

(2.47 eV)). Since the 

energy difference between the 
3
T and 

5
D0 level is comparatively high and hence there is no 

reversible emission possible (due to back energy transfer) from the complex. The same was 

reveals in the PL emission spectra (no emission was observed in the rage of 400 to 550 nm for 

ligand moieties). It could be expected that the fluorene in the complex sensitization boosted by 

decrease the vibronic quenching effect. Previous studies reveal that the fluorene molecule at the 
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N1 position in the ligand is better sensitizer than consist of the alkyl chain (ethyl) [41]. The 

observed complete energy transfer process was also been supported by Reinhoudt’s empirical 

rule [60].
 
In addition, it was also discussed that in this energy transfer mechanism TTA excited 

singlet and triplet state can act as a transitional state between the singlet to triplet excited states 

of the ligand as well as triplet excited state to the excited 
5
D0 level of Eu

III
 ion, respectively. The 

effective overlap between the ligating moieties and the absorption spectrum of TTA showed that 

the characteristic luminescence of the corresponding Eu
III

 occurs through intramolecular energy 

transfer which is shown in pictorial view in Figure S8. 

 
Figure 6.23 The energy transfer diagram for the complexes and energy transfer to Eu

III
 ion from 

ligand as well as TTA molecule (S = singlet, T = triplet, ET = energy transfer). 

 

Figure 6.24 Ligands and corresponding Eu
III

 complexes under UV (365 nm) light are (a) 

Eu(TTA)3, (b) Eu2(TTA)6(L1), (c) Eu2(TTA)6(L2); (b1) (c1) are under normal light; (b2) (c2) are 

under UV light; (b3( (c3) are thin films; (d) (e) are L1 and L2 under normal light (d1) (e1) are 

under UV light. 
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The digital photograph of the compound (ligands and complexes are in solution, thin film 

and solid form) in the natural light and under UV lamp (365 nm) are shown in Figure 6.24. The 

blue color emission was observed from the ligand under UV lamp, whereas the corresponding Eu 

complex shown red emission at 365 nm excitation. The respective thin films of the complexes 

are also shown bright red color. In addition, Eu(TTA)3 complex digital photograph also given for 

reference and shown red color.  

The measured PLQY were compared with the unimolecular Eu-complex [41] shown 

higher QY in the solution state and similar in the case of solid, respectively. The obtained results 

are clearly indicating in solution state, the radiative path way increasing by reducing non-

radiative transition in the complex. However, in case of solid state there is no significance effect 

was found. The detailed absolute quantum efficiency (measured by integration sphere) 

calculations of the Eu-complex by using the already reported procedure [26, 41]. The absolute 

quantum efficiency (measured by integration sphere) of the complex was carried out in solution 

as well as solid by monitoring the higher electric dipole transition (612 nm). The obtained 

absolute QY for the binuclear Eu-complex in solution is found to be are 40.7 and 30.0 %, 

respectively. Whereas, the complexes are in solid state show 31.8 and 32.4 %, respectively. In 

addition, QY of the complexes doping with PMMA thin film was also measured and shown 52.7 

and 59.5 %. The observed QY is higher than that of the solution and solid. It indicates that the 

complex dispersed in PMMA leads to efficient energy transfer via reducing the non-radiative 

transitions. It is also worth to note that the presence of PMMA matrix leads to closer the acceptor 

and donor. In addition, QY of the thin film of Eu2(TTA)6(L2) is found to be higher than that of 

Eu2(TTA)6(L1). It is expected due to the presence of fluorene molecule in the complex, 

Eu2(TTA)6(L2) leads to increase the efficient energy transfer to central Eu
III

 metal via ligand. 

The similar observations also found in the case of solid. These results can also supported by the 

theoretical calculations of the singlet and triplet energy levels location and singlet energy level 

(L1) is near to the triplet level as compared with L1. So it may efficiently transfer the energy in 

L2 than L1 via singlet to triplet energy level. As compared with the reported phenanthroline with 

spacer consisted complex (solution and solid are 11.5 and 5%) [41], currently synthesized 

complexes were shown improved QY (solution above 3 times, solid above 6 times). These 

results are suggesting that the fluorene with spacer molecule in binuclear complexes (2 Eu metal 

ions) extensively increase the energy transfer process leads to high QY.  

6.3.4.2.3 Judd-Ofelt and Lifetime analysis: 

The Judd-Ofelt parameters were essential to understand the physical implication of 

the symmetric/asymmetric and covalent/ionic bonding environment between Eu
III

 ion and 

the surrounding ligand moiety. Since these calculations were initials to calculate the 

sensitization energy transfers process and other spectral parameters. The J-O parameters 

were calculated for binuclear Eu
III

 complexes from the PL emission spectra by well-

reported method from literature [57, 61, 62] and the details are given in chapter 2. The 

calculated value has been tabulated in Table 6.11 and the Ω2, Ω4 values are 1.79, 0.23 (10
-

20
 cm

2
) (Eu2(TTA)6(L1)) and 2.44, 0.244 (10

-20
 cm

2
) Eu2(TTA)6(L2), respectively. To 

achieve the best Eu
III

 radiative rates, it is necessary to design asymmetrical Eu
III

 

complexes with having larger Ω2. Intensity parameter Ω4 (
5
D0→ 

7
F2) is less sensitive to 

the coordination sphere than Ω2 in the complex and reflects chemical environment rigidity 

surrounding the Eu
III

 ion. The most importantly isolated magnetic dipole is 
5
D0 to 

7
F1 

(J=1) transition and it has no electric dipole involvement, which is practically independent 
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of the ion’s chemical environment. Based on these criteria it is used as a reference for 

calculating of J–O intensity parameters.  

The lifetime of the ligands as well as complexes were measured in different solvents and 

in solid form which are interpreted in the Figure 6.25. The lifetime of luminescent decay profiles 

(
5
D0 lifetimes (τobs)) for the complexes and ligands was best fitted with mono-exponential curves 

and measured at room temperature. The observed luminescence decay profile corresponds to a 

single exponential function, thus implying the presence of only one emissive Eu
III

 centre. The 

single exponential function is given by the equation 𝐼(𝑡) = 𝐼0 + 𝐴1 exp  (
−𝑡

𝜏
), where I0 = 0 is the 

offset value, A1 is the scalar quantity (from curve fitting), t is the time in ms and τ is the decay 

time value for the exponential module. The values are suggesting the presence of a single 

chemical environment around the emitting Eu
III

 ion and compiled in Table 6.11. The lifetime 

variations was observed in different solvents and the following order was followed CHCl3 (0.67) 

> Acetone (0.62) > DCM (0.60) > THF (0.59) > DMF (0.50) > solid (0.43 ms) for 
Eu2(TTA)6(L1) and CHCl3 (0.68) > Acetone (0.64) > DCM (0.62) > THF (0.61) > DMF (0.49) > 

solid (0.42 ms) for Eu2(TTA)6(L2) at 360 nm. Both the complexes were followed same trend in 

the solution form towards decreasing of the lifetime.  

The highest lifetime of the solution (CHCl3) as compared with solid indicates that the 

non-radiative transition decreases via reducing the vibrational coupling and leads ratiative 

transition enhancement. In addition, the primary process that quenches 
5
D0 excited state of Eu

III
 

in solution form by non-radiative relaxation via vibronic coupling. The excited state lifetime of 
5
D0 (Eu

3+
) level (μs to ms scale) was enable energy transfer by high frequency vibrational 

oscillators such as O−H, N−H, and C−H and leads to favours quenching of the luminescence. 

According to the gained results, the C-H vibrational oscillator frequency is less as compare to 

that of O-H and N-H and CHCl3 and DCM are shown enhanced results.  

   
Figure 6.25 The lifetime of the Eu

III
 complexes, Eu2(TTA)6(L1) (left) and                                              

Eu2(TTA)6(L2) (right) in different solvents and in the form of solid. 

The intrinsic lanthanide quantum yield (ΦLn) rationalization in coordination complexes 

depends on the Judd-Ofelt theory, which considers an odd number of crystal-field contributions. 

The ΦLn, experimental branching ratio (β1-3), stimulated emission cross section (1-3), radiative 

(ARAD), nonradiative (ANR) decay rates, 
5
D0 lifetime (tobs) and energy transfer efficiency (sen) 

parameters were calculated by reported literature [63-67, 57, 41]. The obtained intrinsic quantum 
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yield (ΦLn) and energy transfer efficiency (sen) indicates that the currently studied ligand is an 

efficient sensitizer for Eu
III

 ion in the complexes. The sen is higher for Eu2(TTA)6(L2) is 91.81 

than the complex Eu2(TTA)6(L1) is 85.14. The obtained higher sensitization is leads to efficient 

energy transfer and it reveals the higher QY of the Eu2(TTA)6(L2). The detailed calculated 

parameters are tabulated in Table 6.12 and Table 6.13. 

Table 6.11 The Judd-Ofelt and lifetime analysis of the complexes and ligands in solid form as 

well as in different solvents. 

Table 6.12 Experimental branching ratios (β1-3) and stimulated emission cross section (1-3) of 

the complex. 

S. No. Complex name 1 2 3 1 2 3 

1. Eu2(TTA)6(L1) 0.520 6.935 0.336 7.92 86.65 5.42 

2. Eu2(TTA)6(L2) 0.505 1.117 0.329 5.96 89.82 4.24 

Table 6.13 The Radiative (ARAD) and nonradiative (ANR) decay rates, 
5
D0 lifetime (tobs), intrinsic 

quantum yields (Ln), energy transfer efficiency (sen) and overall quantum yield (overall) for 

the complex. 

S. 

No. 

Complex name ARAD 

(S
-1

) 

ANR 

(S
-1

) 
obs 

(ms) 

RAD 

(ms) 

Ln 

(%) 

Sen 

(%) 

Overall 

(%)  

1. Eu2(TTA)6(L1) 630.681 170 0.43 1.59 27.04 85.14 31.8 

2. Eu2(TTA)6(L2) 838.937 154 0.42 1.19 35.29 91.81 32.4 

6.3.4.3 Electrochemical Properties: 

The electrochemical properties were carried out for the newly synthesized ligands 

and the corresponding binuclear complexes and shown in Figure 6.26. From the 

voltammogram, the oxidation potentials of the ligands (L1 and L2) and complexes 

(Eu2(TTA)6(L1) and Eu2(TTA)6(L2)) were found to be 1.38, 1.27 and 1.45, 1.39 eV, 

respectively. The obtained oxidation potentials from the CV analysis and other values are 

tabulated in Table 6.14. The obtained oxidation potentials of the complexes were 

S. 

No. 

Compound Intensity Parameters 

(10
-20

 cm
2
) 

τ / ms 
a
 

Ω2 Ω4 Solid CHCl3 DMF THF DCM Acetone 

1 Eu2(TTA)6(L1)                                              1.78 0.23 0.43
b
 0.67 0.50 0.59 0.60 0.62 

2 Eu2(TTA)6(L2)                                              2.44 0.24 0.42
b
 0.68 0.49 0.61 0.62 0.64 

3 L1 (10
-3 

ms)   

 exc 280 nm 

--.-- --.-- 2.11 1.62 1.71 2.10 2.55 1.76 

4 L1 (10
-3 

ms) 

exc 360 nm 

--.-- --.-- 4.33 11.5 12.0 21.9 23.0 26.8 

5 L2 (10
-3 

ms)  

exc 280 nm 

---.-- --.-- 1.70 1.85 2.52 1.71 2.51 1.72 

6 L2 (10
-3

ms)

exc 360 nm 

--.-- --.-- 1.92 21.8 24.5 20.6 23.0 20.8 

a
 The for the β-diketonate Eu

III
 complex and its ligand. 

b
 decay curves were best fitted with bi-

exponential curves.
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decreases as compare to that of ligand. Similarly in case of reduction potential the same 

trend was observed. The equation 2.1 and 2.11 [37] used to calculate the HOMO and 

LUMO energy levels.  

     
Figure 6.26 Cyclic voltammogram of ligands and its corresponding binuclear Eu

III
-complexes. 

Table 6.14 Electrochemical properties of the ligands and respective binuclear Eu
III

-complexes. 

S. 

No. 

Compound 

Name 
𝐕𝐨𝐥𝐭𝐚𝐠𝐞𝐨𝐧𝐬𝐞𝐭

𝐎𝐱𝐢  [V]     𝐕𝐨𝐥𝐭𝐚𝐠𝐞𝐨𝐧𝐬𝐞𝐭
𝐑𝐞𝐝  [V] 

  ( EHOMO [eV] )         ( ELUMO [eV] )             

onset,   

[nm]  (a) 

Energy gap 

𝑬𝒈
𝑶𝒑𝒕

,  [eV] (b) 

1  Eu2(TTA)6(L1) 1.38 (-5.78) -1.38 (-3.02) 452.4  2.74 (2.76) 

2  Eu2(TTA)6(L2) 1.27 (-5.67 ) -1.23 ( -3.17)              459.2  2.70 (2.50) 

3  L1 1.45 (-5.85) -1.40 (-3.00) 411.9 3.01 (2.85) 

4  L2 1.39 (-5.79) -1.26 (3.14) 454.1 2.73 (2.65) 

(a) Calculated from the optical absorption (DRS spectra), (b) Calculated the onset wavelength of 

optical absorption (onset) in solid-state film (DRS spectra). The energy differences (HOMO and 

LUMO) values calculated by cyclic voltammogram are mentioned in bracket. 

The calculated optical energy gap (DRS spectral analysis) of the ligands as well as 

complexes was similar to that of the results obtained from the electrochemical analysis. 

The overall band gap of the complexes was less as compared with the respective ligands. 

The TPA based complex energy gap is slightly higher than that of currently synthesized 

complexes [26]. These results are suggesting that the spacer arrangement can be a better 

choice to get suitable energy difference between the ligand excited triplet level and Eu 
5
D0 level. The L2 consist less energy gap than L1 ligand and it is suitable to harvest the 

efficient energy from the Eu-complex. Similarly, the complex (Eu2(TTA)6(L2)) gained 

less energy gap and more suitable to get efficient energy transfer. Since the efficient 

energy transfer process needs acceptor (
5
D0) energy level should be lesser than donor 

(ligand). This criteria very much can full filled by Eu2(TTA)6(L2) complex. The energy 

gap (obtained from DRS) and HOMO-LUMO values (obtained from CV) are well 

matched with the theoretical calculations by DFT calculations (calculated from the 
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optimized structure, Figure 6.27) [68-71]. The calculated frontier molecular orbitals of the 

ligands L1 and L2 electron density is located on phenanthro-imidazole ring and on 

Ph/Fluorene (some of the electron density was transferred to imidazole moiety) moiety 

for HOMO and LUMO, respectively (Table 6.14) and their respective values were 

mentioned in Table 6.15. In addition, the computed vertical transitions as well as their 

oscillator strengths and configurations
 
of ligands (L1 and L2) were also incorporated in 

the Table 6.S2. 

 

 

Fig. 6.27 The optimized ligands, L1 (up) and L2 (down) structures by theoretical analysis. 

Table 6.14 The HOMO and LUMO energy levels of the ligands. 

 L1  

HOMO-1 

  

HOMO 
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LUMO+1 

  

LUMO 

 L2  

HOMO-1 

  

HOMO 

LUMO+1 

  

LUMO 

 

Table 6.15 The HOMO and LUMO energy levels of the ligands. 

Molecule HOMO  HOMO-1  LUMO  LUMO+1 Eg  S1  T1  

in electron volts (eV) 

L1 -5.40 -5.35 -1.22 -1.18 4.13 3.59 2.75 

L2 5.31 5.36 1.43 1.42 3.87 3.36 2.74 

Eu2(TTA)6(L1) 

Eu2(TTA)6(L2) 

--.-- --.--
 

--.-- --.--
 

--.-- 
5
D0 level = 2.17 

 

6.3.4.4 CIE Chromaticity coordinates: 

The Commission Internationale de l´Eclairage (CIE) values of the ancillary ligands and 

their respective binuclear complexes were calculated from the PL emission spectra in solution as 

well as solid state (Figure 6.28). The calculated CIE values are tabulated in Table 6.16. The 

ligand shown blue emission in solution but in the case of the solid state, it was shifted towards 

sky blue and greenish white emission. By molecular structure engineering (by functionalizing or 

changing the substitutes in the back bone of the ligand), it is possible to generate white light 

emissive from single molecular emitters. The complexes was shown red emission with apt CIE 

color coordinate values and almost identical to the CIE value of the pure red emission designated 

by the national television standers committee (NTSC). The optimizations of the ligand structures 

are in progress in our laboratories, to obtain pure white (near) emissions. 
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Figure 6.28 The CIE chromaticity coordinates for bipolar ligands and binuclear Eu complexes in 

solution (left) and solid (right). 

Table 6.16 The CIE color coordinates for the bipolar ligands and binuclear Eu
III

 complexes. 

S. No. Compound Name Solution (a)(b) Solid (b) 

x y x y 

1 Eu2(TTA)6(L1) 0.61 0.33 0.63 0.33 

2 Eu2(TTA)6(L2) 0.63 0.33 0.65 0.34 

3 Eu(TTA)3.2H2O 0.66 0.33 0.65 0.33 

4 L1 0.16 0.06 0.17 0.18 

5 L2 0.11 0.05 0.29 0.40 

(a) Measured in chloroform solution at 298 K, (b) Emission peaks from PL emission spectra. 

6.3.4.5 PMMA film of binuclear Eu
III

 complexes: 

In order to gain more information about the optical properties of Eu-complex in a 

matrix, the complex was also dispersed in PMMA matrix and their PL emission spectra, 

respective digital photographs are shown in Figure 6.29. The PL emission of the thin film 

was made in different concentrations which are 0.1, 0.5, 1 and 5 % doping of complex 

with PMMA. As compared with the complex in the pure situation on a glass substrate 

shown less intensity peaks then PMMA doped thin films. However, all the percentage of 

the thin films was shown best characteristic pure red emission and satisfying the NTSC 

standards (x = 0.66, y = 0.33). In addition, the FWHM and intensity ratios were also 

calculated to understand the emission as well as the symmetry of the complexes (Table 

6.ST1). The FWHM of the complexes was found to be very narrow (almost 4 nm). It is 

better as compared to that of complexes in solution and solid state. The calculated 

intensity ratios of complexes were shown approximately 20 (I2/I1), which is clearly 

indicating that the Eu metal ion occupied non-centre of symmetry and experienced more 

unsymmetrical. Thin film intensity parameter value is higher than that of the complex in 

solution and solid, which also signifying that the currently synthesized complexes are 

better achiever to get the efficient pure red luminescence. It is also worth to note that the 

thin film of the QY was also improved than that of solution and solid. The detailed 

calculated CIE, FWHM and intensity ratios were incorporated in the Table 6.ST1. These 
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obtained outcomes signifying that the energy transfer from the ligand to Eu
III

 metal ion is 

very efficient in the presently discussed binuclear complexes. The pictorial view of the 

CIE color coordination location in the CIE color grout is shown in Figure 6.S9, left. 

   

Figure 6.29 The emission spectra of Eu
III

 complexes (left-L1, right-L2) doped with PMMA 

(different percentage ratio) as well as pure Eu
III

 complex. 

6.3.4.6 Fabrication of LED with Eu complexes: 

The combination of a 395 nm emitting InGaN chip with the complexes in different ratios 

like 1:10 and 1:50 (Eu
III

 complex: PMMA) are made to use light-emitting diodes for the 

complexes. The fabricated LEDs were glowing under 20 mA forward-bias current. The emission 

of the complexes was shown intensive red emission peaking wavelength at 612 nm. The 

excitation source of the LED is almost transferred to the complex, Eu2(TTA)6(L2) and it is less 

in the former complex (Figure 6.30). However, both the complexes are shown efficient red 

emission with CIE are x = 0.65, y = 0.34 (1:10) (for complex 1); x = 0.66, y = 0.34 (1:50) and for 

complex 2, the CIE values are x = 0.66, y = 0.33 (1:10); x = 0.66, y = 0.33 (1:50), respectively. 

These results are indicating that the presently synthesized complexes are best materials for red 

emitting LEDs. The LED CIE color coordinates for the Eu
III

 complexes in different ratio were 

shown in Figure 6.S9, right. 
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Fig. 6.30 The spectra’s of Eu
III

 complexes coated on the 395 nm emitted LED (InGaN) chip. In 

inset a is the original 365 nm emitted LED chip, aa is under forward bias. b and c are coated 

with binuclear Eu
III

 complexes and bb and cc are with forward bias, respectively. 

6.4 Summary and Conclusion: 

In summary, new bipolar ligand with spacer moiety was synthesized and used the same 

for Eu
III

 complex. The PL emission spectra of the complex clearly indicates that the fully energy 

transfer is happening; the same was also confirmed by DFT and TD-DFT calculations.  The 

spacer molecule can decrease the energy gap of HOMO-LUMO energy levels. In other words, it 

was increases singlet and triplet energy levels results efficient energy transfer. The improved 

intensity ratios as well as FWHM were shown better for the complex. The absolute quantum 

efficiency of the complex showed 11.5% and enhanced quantum efficiency observed by 1% 

doping of complex in PMMA. The complex has shown worthy thermal decomposition. In 

addition, we have designed and synthesised two ancillary ligands (in the ligand structure the two 

phenanthroline moiety connected through phenyl ethoxy spacer (N1 fuctionlized by phenyl and 

fluorene) and using this corresponding binuclear Eu-complexes was synthesized successfully. 

The isolation of the luminescent Eu core was achieved (reduce the concentration quenching 

effect through non-radiative energy transfer among the Eu ion in the complex). The PL emission 

spectral study of the ligands shown blue to greenish yellow (solution to solid) and their 

respective complexes showed efficient characteristic red emission.  No additional emission in the 

region of 400-550 nm indicates the efficient energy transfer (confirmed by DFT and TD-DFT 

calculations). The calculated spectral parameters shown currently synthesized ligands are good 

sensitizers for Eu
III

 metal ion. The suppression of radiationless transitions caused by vibrational 

relaxation or non-radiative energy migration is reduced comparatively significant in the thin film 

of the complex Eu2(TTA)6(L2) compare to that of complex Eu2(TTA)6(L1)  leads to highest QY 

(59.5 %), fluorene sensitization also plays a vital role. The fabricated LED conjugated with Eu-

complex shown efficient red emission. These observations are indicating that the presently 

synthesized complexes are potential in lighting applications.  
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Chapter 7 

 

Designing of ancillary ligands / organic chromophores and study their excited 

photophysical properties for Eu
III

 complexes – a theortical approach 

 

Abstract 

A series of organic chromophores or ancillary ligands (based on phenanthroimidazole) 

conjugated with triphenylamine or carbazole moieties were designed with and without spacer 

and studied their excited state photophysical properties by density functional theory and time-

dependent density functional theory. The UV absorption analysis shown maxima around λmax 

288, which is belongs to the -* transition of the ligands. The excited state photophysical 

properties reveal that the location of the triplet level found among three (1a-f, 2a-f, 3a-f) series 

3a-f shown better energy matching with the excited state (
5
D0) of Eu

III
 ion and could facilitate the 

energy transfer from ligand to Eu ion very efficient. In addition, the substituted phenyl moiety 

(mCF3 and pCF3) at N1-position in the phenanthro-imidazole ligand give additional benefits by 

reducing the triplet energy comparatively with other substitution that leads to efficient energy 

transfer from L to Eu ion in the complex could be expected. In addition, HOMO and LUMO 

calculations given lead that some of the designed ligands can also serve as host materials for 

triplet dopant in OLEDs. The systematic theoretical study is certainly leads to synthesis of best 

ligand molecules for Eu complexes.   

 

Key words: Ancillary ligand; organic chromophore; DFT; TD-DFT; energy transfer; Eu-

complex; OLEDs 
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7.1 Introduction: 

Lanthanide based coordination complexes have gained much attention (both academia 

and industry) due to their unique spectral features (the shapes of the emission spectra are very 

sharp, the emission wavelengths are independent of the ligand environment, and only the 

emission intensities are sensitive to the surroundings) and emerging technological applications 

[1]. Open-shell 4f electrons of Ln
3+

 are shielded from the environment by the closed-shell 5s and 

5p electrons. Thus, the excitation energies of 4f
n 

excited states are independent of the chemical 

surroundings.  Since, the 4f-4f electronic transition is forbidden in nature, in order to gain high 

intense emission, the excited energy levels of lanthanides need to be populated by means of 

sensitization (antenna effect) [2]. In order to gain efficient emission from the lanthanides (due to 

low absorption strength/coefficients of lanthanide ions), one need to consider the excitation level 

population; however the lanthanide electronic transitions are forbidden one. Hence, indirect 

population of the excited state is highly necessary to gain better quantum yield. In organo-

lanthenide complexes, in coordinated organic chromophore groups are getting excited and 

transfer their excited energy to the higher level of lanthanide ions (from ligand/ chromophore 

triplet level to lanthanide excited level, well accepted energy transfer mechanism). 

According to Lava et al., [3] the chromophore triplet energy level should be higher than 

that of the lanthanide excited levels to facilitate efficient energy transfer. For example, in the 

case of Eu complex the 
5
D0 level is located at 17,500 cm

-1
 and the ligand should have above 

20,000 cm
-1

 (triplet state) and above 25,000 cm
-1

 (singlet state) to gain efficient red emission [4, 

5]. Thus, the location of triplet levels plays vital role to achieve the red emission or mixing of 

chromophore emission (blueish- green with red) to get white emission from the Ln-complex. 

Triplet energies of the well-known ligands are 2-Thenoyltrifluoroacetone (tta, 18,800 cm
-1

), 

hexafluoroacetylacetonate (hfa, 22,000 cm
-1

), benzoyltrifluoroacetylacetonate (bfa, 21,400 cm
-1

), 

dibenzoylmethane (dbm, 20,600 cm
-1

), 1,10-phenanthroline (phen, 21,480 cm
-1

) and tetra 

azatriphenylene (aza, 23,800 cm-1) [6-10].  

Ln
III

 coordination complexes are widely used in OLEDs, optoelectronics bioprobes in 

medicine and biology [11-14]. The developments of Ln complexes as efficient emitters become 

an important role in coordination chemistry. In this context, the theoretical strategy has proven to 

be successful in the design of efficient luminescent lanthanide complexes for different 

applications like OLED, light conversion molecular devices (LCMDs) [15, 16]. Last two 

decades, organometallic complexes based on Ir, Ru, Os and Re etc., was gained much attention 

due to their capability of harvesting the triplet exciton to the ground state by heavy metal ion 

effect [17]. The pursuit to design stable triplet harvesters based on luminescent organo-

lanthanide complexes with conjugated organic ligands (chromophores) continues to stimulate 

ever increasing technological applications (smart displays, OLEDs). Although many lanthanide 

emitters have been developed for green and blue emitting OLEDs [18, 19], the molecular design 

for efficient red emitters is not very clear and a systematic plan for rational molecular design is 

highly desirable. Among all lanthanides, Eu
3+

 based organo-lanthanide complex is known to emit 

in the red spectral region, due to electric dipole transition. The ED transition is highly 

hypersensitive in nature and it is strongly structural dependent (used as a structural probe) [20]. 

In particular, to achieve inexpensive OLEDs for commercial applications, there is an urgent need 

for highly efficient red emitting materials to overcome the weakness of the currently existing red 

emitting Eu
III

 complexes.  
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Therefore, it is important to understand the mechanisms of energy transfer upon 

photoexcitation of these complexes to find the best ligand−lanthanide pairs to improve the 

efficiency and sensitivity of luminescence behavior. In energy transfer mechanism of lanthanide 

complexes, ligand plays a vital role for the selection of ligand to synthesize lanthanide complex. 

Because the triplet level of the ligand should match with the Ln excited state, otherwise there is 

no energy transfer from the ligand to Ln, and finally there is no efficient emission from the Ln 

ions. The mechanism of energy transfer (probable luminescence mechanism) from the ligand 

triplet state to the 
5
L6 and 

5
D1 excited state of Eu

III
 ion shown in Figure 7.1 (Jablonski diagram). 

The WET and WBT symbols represent the energy transfer and back-transfer rates. The Φ and k 

symbols represent the non-radiative decay rates. Typical values of the remaining transfer rates 

were assumed to be identical to those found for coordination compounds, namely, Φ = 10
4
, Φ

 (1)
 

= 10
6
, Φ

(2)
 = 10

8
, and Φ

(3)
 = 10

5
 s

−1
 [21]. Thus, the Ln

3+
 emission is directed by the virtual 

position of the triplet (
1
T) and singlet (

1
S) excited states of the coordinated ligands and the 

resonant levels of the lanthanide ion. 

  

Figure 7.1 Schematic representation of the energy transfer mechanism [22] and configurational 

coordinate diagram and the energy transfer process in Eu complex [23]. 

In early sixties (1960), a number of experimental studies have been performed on the 

absorption and emission spectra of europium complexes by DeShazer and Diecke [24] and 

Carnall [25, 26] and the energy levels of trivalent europium ion from these early experiments 

have been assigned to 
2S+1

LJ multiplets by Wybourne [27], Ofelt [28] and Judd [29] to mention 

only some well known authors [30]. Eu(TTA)3.2H2O and Eu(DBM)3.2H2O is well studied as red 

emitting complexes, however, the replacement of coordinated water molecule in the coordination 

sphere is necessary to enhance the PLQY and reduce the vibrational deactivation of excited 

energy by O-H stretching in the coordinated environment. There are several class of ancillary 

ligands synthesized to saturate the coordination sphere of the Eu-complex as well as enhance the 

overall PLQY. The classes of ligands are such as benzimadazole, bipyridine, 

phenanthroimidazole, phosphor-ligand [24–30]. The ancillary ligand function is two fold: one it 

can enhance the overall red emission of Eu
III

 ion by energy harvesting and second one it can be 

easily functionalized for specific applications, for example, to increase the solubility of the 
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complexes by functionalization of polar groups and electron rich moiety functionalization 

leading to enhancement in the charge (hole and electron) transporting properties and increase the 

overall performance of the device. 

 

7.2 Design and photo physical study of ancillary ligands by theoretical approach: 

7.2.1 Objective of the present study:  

In the previous chapters, a series of phenanthro-imidazole based ancillary ligands were 

designed and synthesized for Eu(TTA)3 complexes and explored their application in lighting 

devices as well as temperature sensing by understanding their photophysical properties. In the 

present study, several ancillary ligands were designed and studied their excited state 

photophysical properties by computational methods (DFT and TD-DFT). The design strategy of 

the ancillary ligand is: 

 The electron deficient phenanthro-imidazole group functionalized with electron rich 

(triphenylamine and carbazole) molecule and different N1-functinoalization with spacer and 

without spacer. Further, the highest occupied molecular orbital (HOMO)/lowest unoccupied 

molecular orbitals (LUMO), optimized geometries, frontiers orbitals, optical properties (UV-Vis 

spectrum in gas and solvent) for the designed ancillary ligands were also been systematically 

investigated. More specifically, the ideal simple molecular design of ancillary ligands for Eu
III

 

complexes consisting of a 1,10-phenanthroline-imidazole as core and different electron accepting 

units (m-CF3, p-CF3) and donating units like (CH3, O-CH3, fluorene, triphenylamine and 

carbazole). Based on these functional group/moieties, a three series of ligands (Figure 7.2, 7.3 

and 7.4) were designed and theoretically investigated all the ligands, and compared the energy 

levels of ligand with Eu
III

 metal ion for understanding the ET and further investigation.  
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Figure 7.2 The chemical structure of phenanthro-imadzole without spacer. 
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Figure 7.3 The chemical structure of phenanthro-imadzole with spacer. 
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Figure 7.4 The chemical structure of phenanthro-imadzole without spacer. 
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7.2.2 Computational details: 

Theoretical calculations were carried out using the density functional theory (DFT) 

method with the Gaussian 09 package [31]. Geometry optimizations were performed in gas 

phase and without symmetry constraints by using B3LYP hybrid functional, which combines 

Becke’s three-parameter functional (B3) [32] with the Lee–Yang–Parr (LYP) correlation 

functional [33], in combination with Pople basis sets (6-311+G*) [34]. The minimum energies of 

the optimized structures were checked by frequency analysis at the same level of theory. On the 

basis of the optimized structures of the ground and excited states, the absorption and emission 

properties in dichloromethane (CH2Cl2) and gas medium were calculated by TDDFT [35, 36] 

and associated with the polarized continuum model (PCM) [37]. Taking into consideration that 

the geometry of the molecule might change in solvent phase the optimization of the geometries 

under solvent phase was also carried out. No prominent change in the geometries of the molecule 

was observed. All the calculations were carried out using Gaussian09 W and Gaussian view suite 

of programs.  

7.2.3 Optimized structures:  

All the designed ancillary ligand structures were optimized and the geometries are 

depicted in Figure 7.5, 7.6 and 7.7.  

 
1a                                                   1b                                             1c 

              
                   1d                                                  1e                                          1f 

Figure 7.5 Optimized structures of ancillary ligands (1a-1f) 
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                                     2a                                         2b                                      2c 

 
                                   2d                                         2e                                          2f 

Figure 7.6 Optimized structures of ancillary ligands (2a-2f). 

 
                                               3a                                                                3b 

 
3c                                                                        3e  
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                                                                          3f 

Figure 7.7 Optimized structures of ancillary ligands (3a-3f). 

7.2.4 Results and discussion: 

7.2.4.1 Understanding of frontier molecular orbitals of ancillary ligands: 

To demonstrate the photophysical properties of the designed ancillary ligands, the 

frontier molecular orbital energies, as well as the contour plots of HOMO and LUMO of 

investigated ancillary ligands were plotted in Figure 7.8 - 7.10. The calculated energy levels and 

components of frontier molecular orbitals (FMOs) are collected and tabulated in Table 7.1-7.3. 

The HOMO of 1a-1f is mainly located in 1,10-phenantroline imidazole moiety (Figure 7.8 and 

Table 7.1), with a small contribution from the phenyl ring and very tiny contribution from the 

central nitrogen atom in triphenylamine group were observed. Nevertheless, in the case of 1a 

molecule the HOMO contribution from the triphenylamine moiety is more as compare with the 

phenyl ring in the ligand structure. The LUMOs are mainly distributed in the electron-accepting 

1, 10-phenonatroline moiety, also with a small contribution from the phenyl group in 1a and 1b 

molecule. In case of 1c-1f, tiny contribution in phenyl ring of the triphenylamine moiety was 

observed. Thus, the change in substitution of molecules with different groups there is a 

considerable effect was observed in LUMO compare to that of HOMO (almost no change). The 

complete spatial separation of HOMOs and LUMOs in p-type and n-type units for all these 

molecules implies their bipolar charge transporting features. These molecules reveal great 

difference in molecular geometries, which should be responsible for their different physical 

properties such as the triplet energy and amorphous stability.  

The calculated HOMO and LUMO energies, HOMO–LUMO energy gaps, of the 1a-1f 

molecules were shown in Table 7.4. The substituents to the phenanthro-imidazole core with 

donating and accepting units destabilizes HOMO energy levels and stabilizes the LUMO energy 

levels of the parent molecule (1a), as shown in Figure 7.8. The HOMO destabilizations and 

LUMO stabilizations were calculated to be almost with 0.02–0.16 eV and 0.04–0.34 eV 

variation, respectively. The HOMO and LUMO energy levels of all molecules lie at −5.24 to 

−5.40 and −1.10/−1.53 eV respectively. The calculated energy gaps in the range of 3.88 to 4.21 

eV. HOMO of 1a-1F compound, the HOMO increment was observed in the following order: 1f < 

1a < 1e < 1b < 1d < 1c. The HOMOs for most of the 1b-1e (except 1f) are slightly higher (0.05–

0.16 eV) than that of 1a, indicating that the hole transporting and injection abilities can be 

improved by the introduction of substituents (electron donating and withdrawing groups). For 

ligand (1f), the HOMO is decreased compare with 1a by 0.12 eV, this can be ascribed, the 

different conjugated interaction between the CF3 and the core molecule. The LUMOs of 1d-1f 

gradually decrease as follows: 1a >1d >1e > 1f. but in the case of 1b and 1c LUMO increases 
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slightly, suggesting that the LUMOs of 1b and 1c were determined predominately by the 

introduction of bridging heteroatoms of C and O, can generally enhance the electron-transport 

and injection abilities of the material with the decreased LUMO.  

 
Figure 7.8 Energy level diagram of ancillary ligands (1a-1f). 

Table 7.4 Computed orbital energies and band gaps of the ancillary 1a-1f ligands. 

Compound HOMO (eV) LUMO (eV) HOMO-1 (eV) LUMO+1 (eV) Band gap (eV) 

1a -5.4066 -1.1921 -5.4752 -1.1292 4.214 

1b -5.3527 -1.1513 -5.4428 -1.1012 4.201 

1c -5.2412 -1.1012 -5.4439 -1.1062 4.140 

1d -5.2951 -1.3733 -5.4266 -1.1341 3.921 

1e -5.3840 -1.5001 -5.6390 -1.2517 3.883 

1f -5.5320 -1.5388 -5.6496 -1.2577 3.993 

Table 7.2 reveals that, HOMO of the compounds are mainly located on electron donating 

carbazole molecule and the LUMO is located mainly on 1, 10 phenantroline moiety. As the 

substitution of different groups on the molecules leads to small change in the LUMO level but no 

change was observed in HOMO. In the case of 2a, 2b, 2e and 2f the LUMO located on both 1,10 

phenantholine imidazole and phenyl ring, but in case of 2c, 2d, it is only located on 1,10 

phennathroline moiety. In 2a-2f series the calculated HOMO and LUMO energies, HOMO–

LUMO energy gaps, of 1a-1f molecules were shown in Table 7.5. The substituent to the core 

with donating and accepting units destabilizes HOMO energy levels and stabilizes the LUMO 

energy levels as compared to that of parent molecule (2a), (Figure 7.9). The HOMO 



Chapter 7 
 

254 

 

destabilizations and LUMO stabilizations were calculated to be almost with 0.01–0.09 eV and 

0.04–0.34 eV variation, respectively. The HOMO and LUMO energy levels of all molecules lie 

at −5.43 to −5.60 and −1.10/−1.53 eV respectively, and the obtained energy gaps in the range of 

3.91 to 4.21 eV. In second series (2a-2f), HOMOs gradually increase in the following order: 1e < 

1f < 1c < 1b < 1f < 1c, The HOMO’s for most of the 2b, 2c and 2d are slightly higher (0.01-0.09 

eV) than that of 2a. Indicating that the hole transport and injection abilities have been improved 

by the introduction of substituents (electron donating groups). For 2e and 2f of the HOMO is 

decreased compare with 2a by 0.06, 0.07 eV, this can be ascribed to the different conjugated 

interaction between the CF3 and the core molecule. The LUMOs of 2b-2d gradually decreases 

and the trend is as follows: 2f >2e >2d > 2a. But in the case of 2b and 2c LUMO slightly 

increases, suggesting that the LUMOs of 2b and 2c were determined predominately by the 

introduction of bridging heteroatoms of C and O, can generally enhance the electron-transport 

and injection abilities of the material with the decreased LUMO.  

 

Figure 7.9 Energy level diagram of ancillary ligands (2a-2f). 

Table 7.5 Computed orbital energies and band gaps of the ancillary 2a-2f ligands. 

Compound HOMO (eV) LUMO (eV) HOMO-1 (eV) LUMO+1 (eV) Band gap (eV) 

2a -5.5359 -1.3388 -5.6311 -1.2683 4.197 

2b -5.5209 -1.3015 -5.5596 -1.2340 4.219 

2c -5.4387 -1.2574 -5.5383 -1.1793 4.181 

2d -5.4673 -1.4846 -5.5163 -1.2737 3.982 

2e -5.6066 -1.5894 -5.8064 -1.3973 4.017 

2f -5.5966 -1.6843 -5.8357 -1.4245 3.912 
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In 3a-3f series, the HOMO – LUMO energy levels, band gap values are tabulated in 

Table 7.3 and 7.6. Ligand 3d synthesis and the theoretical study was executed and discussed in 

Chapter-6. Figure 7.3 reveals that, the HOMO is mainly located on electron donating carbazole 

moiety and the LUMO is located in different position depending on the functional groups. In the 

case of 3a, 3b, 3c LUMO contribution mainly on 1,10 phenantroline groups and tiny contribution 

on the imidazole moiety was observed. In case of 3e and 3f, the LUMO contribution mainly on 

electron deficient CF3 substituted phenyl ring.  

 
Figure 7.10 Energy level diagram of ancillary ligands (3a-3f). 

Table 7.6 Computed orbital energies and band gaps of the ancillary ligands 3a-3f.  

Compound HOMO (eV) LUMO (eV) HOMO-1 (eV) LUMO+1 (eV) Band gap (eV) 

3a -5.3438 -1.1722 -5.4376 -1.1442 4.171 

3b -5.3095 -1.1458 -5.4333 -1.1001 4.163 

3c -5.4594 -1.1451 -5.4741 -1.3608 4.313 

3d -5.4594 -1.4510 -5.4741 -1.3608 4.008 

3e -5.4589 -1.5567 -5.4981 -1.3067 3.902 

The substituents to the core with e- donating and accepting units destabilizes HOMO 

energy levels and stabilizes the LUMO energy levels of the parent ligand (3a), (as shown in 

Figure 7.10). The variation HOMO destabilizations and LUMO stabilizations were calculated to 

be almost with 0.03–0.11 eV and 0.02–0.38 eV respectively. The HOMO and LUMO energy 

levels of all ligands lie at −5.30 to −5.45 and −1.14/−1.55 eV, respectively. The calculated 

energy gaps are in the range of 3.91 to 4.31 eV. For all these ligands HOMOs gradually increase 
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in the following order: 3c = 3e < 3f < 3a < 3b. The HOMO of 3b slightly higher (0.03 eV) than 

3a, indicating that the hole injection and transport abilities could be improved by the introduction 

of substituents (electron donating groups). For 3c, 3e and 3f of the HOMO is decreased compare 

with 3a by 0.11 eV, this can be ascribed to the different conjugated interaction between the 

OCH3 and CF3 and the core molecule. The LUMOs of 3e and 3f gradually decreases and the 

trend is: 3f > 3e > 3a. But, in the case of 3b and 3c LUMO increases slightly, it is suggesting that 

the LUMOs of 3b and 3c were determined predominately by the introduction of bridging 

heteroatoms of C and O can generally enhance the electron-transport and injection abilities of the 

material with the decreased LUMO. The ligand 3d HOMO and LUMO of the complexes were 

explained in Chapter 6 (section 6.2.3.2) [38]. 

7.2.4.2 Host materials- ancillary ligands: 

The designed ligands furthered can serve as host materials for triplet dopant in 

phosphorescent OLEDs. The ligand 1e shown nearby similar HOMO and LUMO of the 4,4 ,4-

tris(3-methylphenyl phenylamino)-triphen (m-MTDATA (5.1 and 1.9 eV). m-MTDATA as a 

common hole-injection material for devices. It indicates that the designed ligand 1e can act as a 

hole injection material. The HOMO of the ligands (1a-e) are around at 5.2-5.4 eV, which is 

almost similar to at of most of the hole transporting materials such as TPD (5.1 eV), NPB (5.2 

eV), PEDOT:PSS (5.2 eV), CuPc (5.3 eV), α-NPB (5.4 eV), PTPD (5.4 eV), α-NPD (5.4 eV) 

[39-41]. In case of spacer at N1 position ligands (2e and 2f) are shown highest HOMO energy 

level and it is shown similar result of hole transporting nature of polyvinyl carbazole PVK (5.8 

eV) material. Among all the ligands, third series ligands have shown almost similar or less 

HOMO energy levels. It is due to presence of spacer at C1 position and leads to arrest the 

communication between the hole and electron transporting moieties as well as help to increase 

the overall performance of the device.  
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Table 7.1 The HOMO, LUMO, HOMO-1 and LUMO+1orbitals of the ancillary ligands (1a-f). 
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Table 7.2 The HOMO, LUMO, HOMO-1and LUMO+1 orbitals of the ancillary ligands (2a-f). 
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Table 7.3 The HOMO, LUMO, HOMO-1 and LUMO+1 orbitals of the ancillary ligands (3a-f). 

 

 

7.2.4.3 Absorption spectral studies of the ancillary ligands (1a-f, 2a-f and 3a-f): 

Over the years, time dependent density functional theory (TD DFT) calculations have 

been used extensively for the prediction of absorption and emission spectra [42]. Therefore, the 

TDDFT gas phase calculations have been performed at the B3LYP/6-311+G (d,p) level of theory 

on the optimized ground state geometries. The resultant vertical transition energies (E in eV) 

oscillator strength (f0) and the compositions and percentage contributions of the various 

configurations are summarized in Table 7.7-7.9. Table 7.7 reveals the TPA series of the 

molecules (1a-1f) having absorption bands ranging from 320 to 350 nm, and the most intense 

absorption bands along with their transitions are given in Table 7.7. In all the molecules, the S0-
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S1 electronic transitions are predominant with high oscillator strengths. Triplet electronic 

transition (S0-T1) is allowed in the range 440 to 470 nm. 

Figure 11 explains the absorption spectra of 1a-1f in gas and DCM phase. Table 8 reveals 

the second series of the ligands (2a-2f) absorption bands ranging from 310 to 340 nm. The most 

intense absorption bands along with their transitions are given in Table 7.8. Triplet electronic 

transitions (S0-T1) are allowed in the range 440 to 470 nm. Table 7.9 reveals the third series of 

the ligands (3a-3f), absorption bands ranging from 320 to 350 nm, and the intensity of the 

absorption bands along with their transitions are given in Table 7.9. Among all the ligand the 1d 

is found to have the highest λmax with 353 nm, which has oscillator strength of 0.6218. This 

transition is due to 68% contributions from the HOMO-LUMO and arises mainly due to 

intramolecular charge transfer (ICT) along with π - π* transitions. The second best based on λmax 

is 1c with 333 nm, which has an oscillator frequency 0.2396, this transition is due to 60.5% 

contribution from HOMO-LUMO+1. Compare to all 1f is having highest excitation energy (3.77 

eV) and 1d having lowest excitation energy (3.50 eV). It is interesting to note that, while 

introducing fluorine moiety the λmax increased to 23 nm corresponding to 1a molecule.  

Surprisingly, all the molecules are showing almost same excitation wavelengths (328-333 nm) 

except 1d (353 nm).  

In second series of ligands (2a-2f), among all 2d is found to have the highest λmax with 

347 nm, which has oscillator strength of 0.5945. This transition is due to 61% contributions from 

HOMO-LUMO level. In comparison, 2a is having highest excitation energy (3.89 eV) and 2d 

having lowest excitation energy (3.56 eV). All ligands are showing excitation wavelengths in 

same region (315-324 nm), except 2d (347 nm) and 2f (333 nm). It is worth to note that, while 

introducing fluorine (CF3) moiety the λmax increased to 32 nm corresponding to 2a ligand.  In 

third series of ligands, 3a is found to have the highest λmax with 331 nm, which has oscillator 

strength of 0.30. This transition is due to 36% contributions from HOMO - LUMO and 53% 

contribution from HOMO - LUMO+1. In comparison 3c is having highest oscillator strength 

0.4153 which is due to HOMO – LUMO+1 with 62% contribution. Compare to all ligands 3e is 

having highest excitation energy (3.89 eV) and 2a having lowest excitation energy (3.73 eV). In 

comparing with all compounds 3e and 3f are showing excitation wavelengths in same region 

(318-329 nm) and 3a, 3b and are showing in same region at 326-331 nm.  In compare with all the 

series of the ligands 1d and 2d is found to have highest λmax with 353, and 347 nm, which has 

oscillator strength of 0.6218 & 0.5945, respectively. 

  
Figure 7.11 UV-Vis spectrum of series of 1a-1f compounds in DCM (left) and gas (right) phase. 
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Figure 7.12 UV-Vis spectrum of 2a-2f compounds in DCM (left) and gas (right) phase. 

 
Figure 7.13 UV-Vis spectrum of 3a-3f compounds in DCM (left) and gas (right) phase. 

7.2.4.4 Energy transfer mechanism: 

In general, in ligand sensitized emission of Eu complexes requires careful consideration 

of the organic chromophore molecular structure. In order to define the excitation wavelength, 

maximize absorbance strength at this wavelength and facilitate intramolecular energy transfer to 

populate the Eu
III

 excited state levels (
5
D1 or 

5
D0). The designed molecular structures of the 

organic chromophore or ancillary ligands are optimized and predicted their ground and excited 

state photophysical properties. In order to verify the potentiality of using the designed ancillary 

ligands (1a-1f, 2a-2f and 3a-3f), we have proposed the schematic energy transfer diagram (ET 

mechanism) for Eu complex along with the TTA (-diketone based ligand) energy levels (Figure 

7.14, 7.15 and 7.16). The N1 functionalization of the ligand with TPA molecule (1a-f) is shown 

singlet levels at 27777, 27868, 27770, 26817, 26342, 26198 cm
-1

 and triplet level at 22589, 

22514, 22349, 21334, 22355, 21994 cm
-1

, respectively. The 1a, 1b and 1c ligands are shown 

similar singlet energy level. In fact 1c have slight lower singlet energy than 1a and 1b, due to 

presence of oxygen linkage in between the methyl and phenyl ring. The oxygen atom contains 

two lone pairs of electrons when it is attached to a side chain ((Ph-OCH3), it can cause a +ve 

mesmeric effect (M) on the side chain. Although, oxygen itself very electronegative and also 
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exerts an –ve inductive effect (I). The electrons can delocalize into the ring and leads to be a -

OCH3 group more electron donating than a -CH3 group. The significant electronegativity of the 

trifluomethyl group was often described as existence intermediate between the electronegativities 

of fluorine and chlorine [43]. 

However, in case of the strong electron withdrawing groups the singlet energy levels as 

well as triplet energy level are reduced and it was clearly indicating that the fluorination can 

leads to reduce the excited energy levels of the ligands to facilitate the efficient energy transfer to 

Eu
3+

 ion. The N1 functionalization of the ligand with spacer connected CBZ molecule (2a-f) is 

shown singlet levels at 29192, 28864, 28235, 28115, 28810, 28192 cm
-1

 and triplet level at 

22930, 22790, 22630, 22593, 22795, 22332 cm
-1

, respectively. The fluorene moiety connected 

2d ligand shown less singlet energy level as compare to at of rest of the ligands (2 a- b, e, f) and 

triplet energy also shown less. However, the fluorination on ligand 2f (p-CF3) shown less triplet 

energy level as compare to 2e (p-CF3). Among meta and para CF3 groups, para CF3 connection 

leads to decreases the singlet and triple energy levels. It is indicating that the p-CF3 has better 

energy level matching with the Eu
3+

 excited (
5
D0) state. The C1 functionalization of the ligand 

with spacer connected CBZ molecule (3a-f) is shown singlet levels at 28126, 28064, 28036, 

28025, 28275, 28297 cm
-1

 and triplet level at 22398, 22228, 22392, 22309, 22334, 22336 cm
-1

, 

respectively. The 3e and 3f ligands were shown better improved singlet state than 3a-d and these 

both have similar triplet energy level. At C1 functionalization of the ligand (m and p-CF3) with 

spacer no much effect on the singlet and triplet level was observed. However, these ligands have 

singlet level above 25000 cm
-1

 and their triplet energy levels have above 20000 cm
-1

. In addition, 

the difference between excited triplet and Eu
3+

 ion (
5
D0) levels (2500 cm

-1
) and the difference 

between ligand excited singlet and triplet are well sufficient to transfer the energy from ligand to 

Eu
3+

 ion in the Eu-complexes. 

 
Figure 7.14 The proposed energy transfer mechanism of 1a-1f ligand and TTA to Eu energy 

levels in Eu complex. 
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Figure 7.15 The proposed energy transfer mechanism of 2a-2f ligand and TTA to Eu energy 

levels in Eu complex. 

 
Figure 7.16 The proposed energy transfer mechanism of 3a-3f ligand and TTA to Eu energy 

levels in Eu complex. 
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The designed ligands can use not only as an antenna for red emission from the Eu
3+

 ion; 

it can also be used for Tb
3+

 ion to get the green emission. Since the triplet energy of the all the 

designed ligands are located more than 22,000 cm
-1

. The Tb
3+

 excited state (
5
D4) located at 

20,430 cm
-1

, which are well suited for the energy transfer to Tb
III

 ion [44].  

Table 7.7: Computed vertical transitions and their oscillator strengths and configurations
a
 of 1a-

1f compounds. 

Compound State Energy (eV) λmax nm  Configuration 

1a 

Singlet 

Gas 3.6723 337.62 0.0409 HOMO-1  LUMO (18.80%). 

HOMO  LUMO+1 (46.67%). 

  3.7541 330.26 0.1467 HOMO-1  LUMO (18.06%). 

HOMO-1  LUMO+1 (16.49%). 

HOMO  LUMO (51.03%). 

HOMO  LUMO+1 (38.50%). 

HOMO  LUMO+3 (12.40%). 

 DCM 3.444 359.95 0.0103 HOMO  LUMO (66.16%). 

HOMO  LUMO+1 (22.45%). 

  3.6137 343.10 0.077 HOMO-1  LUMO (66.17%). 

Triplet Gas 2.7788 446.18 0 HOMO-2  LUMO+1 (12.83%). 

HOMO-1  LUMO+3 (11.12%). 

HOMO  LUMO (40.38%). 

HOMO  LUMO+1 (18.68%). 

 DCM 2.8098 441.26 0 HOMO-2  LUMO (18.41%). 

HOMO-1  LUMO (31.14%). 

HOMO-1  LUMO+1 (53.73%). 

1b 

Singlet 

Gas 3.6375 340.85 0.0434 HOMO-1  LUMO+1 (16.49%). 

HOMO-2  LUMO (10.96%). 

HOMO  LUMO+1 (50.63%). 

  3.7615 329.61 0.2291 HOMO  LUMO (45.47%). 

HOMO  LUMO+1 (42.39%). 

HOMO  LUMO+3 (12.39%). 

  3.9471 314.12 0.1297 HOMO-3  LUMO+1 (16.05%). 

HOMO-1  LUMO+1 (37.13%). 

HOMO-1  LUMO+2 (32.40%). 

HOMO  LUMO (13.02%). 

HOMO  LUMO+3 (24.34%). 

  3.9782 311.66 0.1267 HOMO  LUMO+2 (49.33%). 

HOMO  LUMO+3 (44.65%). 

 DCM 3.4552 358.84 0.0087 HOMO  LUMO (68.18%). 

  3.8058 325.78 0.3118 HOMO-2  LUMO (18.97%). 

HOMO-1  LUMO (12.91%). 

HOMO-1  LUMO+1 (63.87%). 

  3.9337 315.18 0.5411 HOMO  LUMO+3 (66.76%). 

Triplet DCM 2.7915 444.15 0 HOMO-2  LUMO (17.12%). 

HOMO-1  LUMO (28.20%). 

HOMO-1  LUMO+1 (55.50%). 
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 Gas 2.7628 448.77 0 HOMO-4  LUMO+4 (11.07%). 

HOMO-2  LUMO (13.70%). 

HOMO-1  LUMO (21.51%). 

HOMO-1  LUMO+1 (12.02%). 

HOMO  LUMO (47.62%). 

HOMO  LUMO+1 (29.69%). 

1c 

Singlet 

Gas 3.5677 347.52 0.0391 HOMO  LUMO (63.46%). 

  3.7200 333.29 0.2396 HOMO  LUMO (23.09%). 

HOMO  LUMO+1 (60.58%). 

HOMO  LUMO+3 (19.19%). 

  3.8896 318.76 0.1581 HOMO  LUMO+2 (56.80%). 

HOMO  LUMO+6 (10.38%). 

 DCM 3.4431 360.09 0.047 HOMO  LUMO (55.32%). 

  3.7360 331.86 0.3017 HOMO-2  LUMO (16.72%). 

HOMO-1  LUMO+1 (66.8%). 

  3.9288 315.58 0.5036 HOMO  LUMO+2 (13.8%). 

HOMO  LUMO+3 (65.81%). 

Triplet Gas 2.7505 450.77 0 HOMO-4  LUMO+5 (10.48%). 

HOMO-2  LUMO (15.02%). 

HOMO  LUMO (26.67%). 

HOMO  LUMO+1 (52.65%). 

 DCM 2.7710 447.43 0 HOMO-2  LUMO (13.32%). 

HOMO-1  LUMO (22.98%). 

HOMO-1  LUMO+1 (55.75%). 

1d 

Singlet 

Gas 3.5075 353.48 0.6218 HOMO-1  LUMO (11.41%). 

HOMO  LUMO (67.95%). 

  3.6362 340.97 0.277 HOMO-1  LUMO (66.08%). 

HOMO  LUMO+1 (16.84%). 

  3.8824 319.35 0.2007 HOMO  LUMO+2 (62.97%). 

 DCM 3.3249 372.89 0.0961 HOMO  LUMO (67.28%). 

HOMO  LUMO+1 (19.08%). 

  3.4969 354.63 0.5039 HOMO-1  LUMO (62.03%). 

HOMO  LUMO+1 (21.86%). 

  344.07 3.0034 0.5066 HOMO-1  LUMO (23.90%). 

HOMO-1  LUMO+1 (63.48%). 

Triplet Gas 2.6451 468.73 0 HOMO-2  LUMO (12.61%). 

HOMO  LUMO (59.37%). 

 DCM 2.6451 468.73 0 HOMO-2  LUMO+2 (17.54%). 

HOMO-1  LUMO (55.27%). 

HOMO-1  LUMO+1 (26.26%). 

HOMO  LUMO (15.16%). 

1e 

Singlet 

Gas 3.4285 361.63 0.0415 HOMO  LUMO (69.90%). 

  3.7266 332.70 0.2219 HOMO-1  LUMO (54.84%). 

HOMO-1  LUMO+1 (30.16%). 

HOMO  LUMO+3 (10.84%). 
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  3.7791 328.08 0.1221 HOMO-1  LUMO+1 (42.30%). 

HOMO  LUMO+4 (25.97%). 

  3.8337 323.40 0.1358 HOMO-1  LUMO+1 (32.47%). 

HOMO  LUMO+2 (41.32%). 

  3.9203 316.27 0.3565 HOMO  LUMO+1 (13.91%). 

HOMO  LUMO+3 (66.61%). 

 DCM 3.2661 379.61 0.0338 HOMO  LUMO (67.61%). 

  3.6517 339.52 0.1722 HOMO-1  LUMO (55.14%). 

HOMO-1  LUMO+1 (40.18%). 

  3.8037 325.95 0.3701 HOMO-1  LUMO+1 (52.28%). 

HOMO  LUMO (10.50%). 

  3.8578 320.38 0.2509 HOMO  LUMO+2 (26.17%). 

HOMO  LUMO+3 (57.94%). 

HOMO  LUMO+4 (13.05%). 

Triplet Gas 2.7302 454.12 0 HOMO-2  LUMO (10.47%). 

HOMO-2  LUMO+1 (12.71%). 

HOMO-1  LUMO (59.71%). 

HOMO-1  LUMO+2 (14.17%). 

HOMO  LUMO (12.15%). 

 DCM 2.7717 441.32  HOMO-2  LUMO (13.72%). 

HOMO-2  LUMO+1 (10.06%). 

HOMO-1  LUMO (55.6%). 

HOMO-1  LUMO+2 (13.65%). 

1f 

Singlet 

Gas     

 DCM 3.2482 381.70 0.0131 HOMO  LUMO (69.21%). 

  3.6497 339.71 0.2998 HOMO-1  LUMO (57.23%). 

HOMO-1  LUMO+1 (37.94%). 

  3.775 328.21 0.3160 HOMO-1  LUMO+1 (55.20%). 

HOMO  LUMO+2 (13.99%). 

  3.8091 325.50 0.1007 HOMO-1  LUMO (12.88%). 

HOMO  LUMO+2 (64.99%). 

Triplet Gas 2.7272 454.61 0 HOMO-2  LUMO (10.47%). 

HOMO-2  LUMO+1 (12.56%). 

HOMO-1  LUMO (58.57%). 

HOMO-1  LUMO+3 (11.51%). 

HOMO-1  LUMO+4 (12.77%). 

 DCM 2.7683 447.87 0 HOMO-2  LUMO (12.73%). 

HOMO-2  LUMO+1 (11.16%). 

HOMO-1  LUMO (58.30%). 

HOMO-1  LUMO+2 (16.92%). 
a
Orbital contributions below 10% are omitted 
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Table 7.8:  Computed vertical transitions and their oscillator strengths and configurations
a
 of 2a-

2f compounds. 

Compound State Energy (eV) λmax nm  Configuration 

1a 

Singlet 

Gas 3.6938 335.65 0.0366 HOMO-1  LUMO (52.3%) 

 

   3.8913 318.62 0.1631 HOMO-4  LUMO (14.68%) 

HOMO-1  LUMO (35.67%) 

HOMO-1  LUMO+1 (40.09%) 

HOMO  LUMO+1 (37.71%) 

 DCM 3.6194 342.55 0.062 HOMO-1  LUMO (66.36%) 

HOMO  LUMO (12.34%) 

  3. 8711 320.28 0.2563 HOMO-3  LUMO (23.74%) 

HOMO-1  LUMO (13.36%) 

HOMO-1  LUMO (64.34%) 

Triplet  Gas  2.8136                                                                                                                                                                                                                                                                                                                                              440.66 0 HOMO-3  LUMO (18.41%)                                                                  

HOMO-1  LUMO (44.30%) 

HOMO-1  LUMO+1 (42.74%) 

 DCM 2.843 436.11  HOMO-7  LUMO+2 (10.48%) 

HOMO-3  LUMO (20.75%) 

HOMO-1  LUMO (26.76%) 

HOMO-1  LUMO+1 (55.75%) 

2b 

Singlet 

Gas 3.6612 338.64 0.0392 HOMO-1  LUMO (56.50%) 

  3.8671 320.62 0.2643 HOMO-1  LUMO (33.38%) 

HOMO-1  LUMO+1 (52.13%) 

HOMO  LUMO (14.21%) 

HOMO  LUMO+1 (19.08%) 

 DCM 3.5787 346.45 0.069 HOMO-1  LUMO (67.69%) 

Triplet Gas 2.7981 443.10 0 HOMO-6  LUMO+3 (12.19%) 

HOMO-3  LUMO (18.10%) 

HOMO-1  LUMO (39.33%) 

HOMO-1  LUMO+1 (47.74%) 

 DCM 2.8257 438.78 0 HOMO-3  LUMO (19.26%) 

HOMO-1  LUMO (25.07%) 

HOMO-1  LUMO+1 (56.98%) 

2c 

Singlet 

Gas 3.5986 344.54 0.0370 HOMO  LUMO (65.59%) 

  3.822 324.38 0.2716 HOMO-4  LUMO (20.98%) 

HOMO  LUMO (19.55%) 

HOMO  LUMO+1 (63.35%) 

 DCM 3.5007 354.17 0.0694 HOMO-1  LUMO (68.29%) 

  3.7635 329.44 0.2817 HOMO-3  LUMO (19.51%) 

HOMO-1  LUMO+1 (65.92%) 

Triplet Gas 2.7847 445.23 0 HOMO-3  LUMO (17.12%) 

HOMO  LUMO (23.43%) 

HOMO  LUMO (57.79%) 

 DCM 2.8058 441.88 0 HOMO-3  LUMO (14.92%) 
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HOMO-1  LUMO (21.57%) 

HOMO-1  LUMO+1 (57.37%) 

2d 

Singlet 

Gas 3.5648 347.80 0.5945 HOMO  LUMO (61.10%) 

HOMO  LUMO+1 (32.36%) 

  3.6471 339.96 0.2872 HOMO-3  LUMO+1 (10.18%) 

HOMO  LUMO+1 (59.4%) 

 DCM 3.4859 335.68 0.4528 HOMO-1  LUMO (63.85%) 

HOMO-1  LUMO+1 (24.43%) 

  3.6176 342.73 0.6509 HOMO-1  LUMO+1 (62.94%) 

  3.8933 318.46 0.1335 HOMO-1  LUMO+2 (65.28%) 

Triplet Gas 2.6485 468.14 0 HOMO-3  LUMO+2 (15.42%) 

HOMO  LUMO (61.37%) 

 DCM 2.6773 463.09 0 HOMO-1  LUMO (54.19%) 

2e 

Singlet 

Gas 3.8482 339.85 0.0015 HOMO  LUMO (70.27%) 

  3.7381 331.68 0.1076 HOMO-1  LUMO (40.57%) 

HOMO-1  LUMO+1 (53.35%) 

  3.8382 323.03 0.2669 HOMO-3  LUMO+1 (14.02%) 

HOMO-1  LUMO (53.51%) 

 DCM 3.5721 347.09 0.0022 HOMO  LUMO (69.33%) 

  3.666 338.19 0.1030 HOMO-1  LUMO (54.82%) 

HOMO-1  LUMO+1 (32.99%) 

HOMO  LUMO+1 (25.08%) 

  3.8492 322.10 0.3686 HOMO-1  LUMO+1 (57.83%) 

Triplet Gas 2.7867 444.92 0 HOMO-3  LUMO (12.51%) 

HOMO-3  LUMO+1 (15.34%) 

HOMO-1  LUMO (58.20%) 

HOMO-1  LUMO+2 (19.15%) 

 DCM 2.8263 438.69 0 HOMO-3  LUMO (18.04%) 

HOMO-2  LUMO (48.12%) 

2f 

Singlet 

Gas 3.5461 349.63 0.0006 HOMO  LUMO (70.52%) 

  3.7185 333.43 0.2573 HOMO-1  LUMO (54.66%) 

HOMO-1  LUMO+1 (40.05%) 

  3.8036 325.96 0.1959 HOMO-1  LUMO+1 (52.08%) 

HOMO  LUMO+1 (14.77%) 

 DCM 3.4954 354.70 0.0011 HOMO  LUMO (70.10%) 

  3.6586 338.89 0.1575 HOMO-1  LUMO (47.45%) 

HOMO-1  LUMO+1 (32.98%) 

HOMO  LUMO+1 (37.73%) 

  3.8037 325.96 0.3739 HOMO-1  LUMO+1 (56.05%) 

Triplet Gas 2.7688 447.78 0 HOMO-3  LUMO (12.01%) 

HOMO-3  LUMO+1 (14.58%) 

HOMO-1  LUMO (58.85%) 

HOMO-1  LUMO+2 (20.57%) 

  2.8089 441.40 0 HOMO-3  LUMO (15.24%) 

HOMO-3  LUMO+1 (12.08%) 
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HOMO-1  LUMO (55.11%) 

HOMO-1  LUMO+2 (20.04%) 
a
Orbital contributions below 10% are omitted. 

 

Table 7.8:  Computed vertical transitions and their oscillator strengths and configurations
a
 of 3a-

3f compounds.  

Compound State Energy (eV) λmax nm  Configuration 

3a 

Singlet 

Gas 3.5932 345.05 0.0298 HOMO  LUMO (56.93%) 

  3.7363 331.84 0.3007 HOMO  LUMO (36.19%) 

HOMO  LUMO+1 (53.72%)  

  3.9400 314.68 0.1211 HOMO-3  LUMO (16.50%) 

HOMO  LUMO (11.35%) 

HOMO  LUMO+1 (16.18%) 

HOMO  LUMO+2 (62.79%) 

 DCM 3.4873 355.53 0.082 HOMO-1  LUMO (68.71%) 

  3.7307 332.34 0.3998 HOMO-3  LUMO (16.85%) 

HOMO-1  LUMO+1 (67.38%) 

  4.0657 304.95 0.4432 HOMO-3  LUMO (16.75%) 

HOMO-1  LUMO+2 (66.48%) 

Triplet Gas 2.7559 449.89 0 HOMO-3  LUMO (14.42%) 

HOMO  LUMO (36.04%) 

HOMO  LUMO+1 (49.27%) 

HOMO  LUMO+2 (16.56%) 

 DCM 2.777 446.46 0 HOMO-3  LUMO (13.41%) 

HOMO-1  LUMO (22.82%) 

HOMO-1  LUMO+1 (57.63%) 

3b 

Singlet 

Gas 3.5881 345.54 0.0375 HOMO  LUMO (61.31%) 

  3.7633 329.46 0.3594 HOMO-3  LUMO (13.19%) 

HOMO  LUMO (29.87%) 

HOMO  LUMO+1(54.26%) 

 DCM 3.4796 356.31 0.0837 HOMO-1  LUMO (68.77%) 

  3.7317 332.25 0.3946 HOMO-3  LUMO (17.27%) 

HOMO-1  LUMO+1 (67.33%) 

  4.0644 305.05 0.4918 HOMO-3  LUMO (16.37%) 

HOMO-1  LUMO+2 (66.78%) 

Triplet Gas 2.7560 449.87 0 HOMO-3  LUMO (14.93%) 

HOMO  LUMO (32.64%) 

HOMO  LUMO+1 (52.57%) 

HOMO  LUMO+3 (10.28%) 

 DCM 2.7768 446.49 0 HOMO-3  LUMO (13.44%) 

HOMO-1  LUMO (26.2%) 

HOMO-1  LUMO+1 (57.57%) 

3c 

Singlet 

Gas 3.5871 345.64 0.0443 HOMO  LUMO (63.72%) 

  3.8011 326.18 0.4183 HOMO-3  LUMO (16.88%) 
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HOMO  LUMO (25.28%) 

HOMO  LUMO+1 (62.27%) 

 DCM 3.4761 356.68 0.0845 HOMO-1  LUMO (68.80%) 

  3.7362 331.84 0.3861 HOMO-4  LUMO (13.90%) 

HOMO-1  LUMO+1 (67.23%) 

  4.0617 305.23 0.5072 HOMO-4  LUMO (11.37%) 

HOMO-1  LUMO+2 (66.68%) 

Triplet Gas 2.7594 449.32 0 HOMO-3  LUMO (15.19%) 

HOMO  LUMO (31.10%) 

HOMO  LUMO+1 (54.50%) 

 DCM 2.7763 446.26 0 HOMO-1  LUMO (23.50%) 

HOMO-1  LUMO+1 (57.44%) 

3e 

Singlet 

Gas 3.4367 360.77 0.009 HOMO-1  LUMO (69.52%) 

  3.6866 336.31 0.1843 HOMO-1  LUMO+1 (18.59%) 

HOMO-1  LUMO+2 (59.69%) 

  3.8909 318.65 0.2515 HOMO-3  LUMO+2 (19.61%) 

HOMO-1  LUMO+1 (13.69%) 

HOMO-1  LUMO+2 (22.16%) 

HOMO-1  LUMO+3 (60.26%) 

 DCM 3.5057 353.66 0.0711 HOMO-1  LUMO (68.34%) 

  3.6905 335.95 0.3135 HOMO-3  LUMO (13.02%) 

HOMO-1  LUMO (10.61%) 

HOMO-1  LUMO+1 (65.45%) 

HOMO-1  LUMO+2 (17.35%) 

Triplet Gas 27449 451.68 0 HOMO-5  LUMO+5 (10.73%) 

HOMO-3  LUMO+2 (13.82%) 

HOMO-1  LUMO (24.44%) 

HOMO-1  LUMO+1 (36.26%) 

HOMO-1  LUMO+2 (32.42%) 

HOMO-1  LUMO+3 (30.07%) 

 DCM 2.7691 447.74 0 HOMO-3  LUMO (12.92% 

HOMO-1  LUMO (22.13%) 

HOMO-1  LUMO+1 (56.62%) 

3f 

Singlet 

Gas 3.3526 364.81 0.0307 HOMO-1  LUMO (69.46%) 

  3.7623 324.55 0.1302 HOMO-1  LUMO+2 (54.63%) 

  3.8826 319.34 0.2631 HOMO-3  LUMO+1 (20.83%) 

HOMO-1  LUMO+1 (14.73%) 

HOMO-1  LUMO+2 (36.26%) 

HOMO-1  LUMO+3 (53.02%) 

 DCM 3.5084 353.39 0.0502 HOMO-1  LUMO (67.72%) 

  3.6087 343.57 0.2482 HOMO-1  LUMO (13.67%) 

HOMO-1  LUMO+1 (65.57%) 

HOMO-1  LUMO+2 (20%) 

  3.8526 321.82 0.2631 HOMO-1  LUMO+2 (65.77%) 
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Triplet Gas 2.7415 452.26 0 HOMO-5  LUMO+5 (10.29%). 

HOMO-3  LUMO+1 (14.08%). 

HOMO-1  LUMO (37.54%). 

HOMO-1  LUMO+1 (21.61%). 

HOMO-1  LUMO+2 (39.01%). 

HOMO-1  LUMO+3 (25.45%). 

 DCM 2.7694 447.70  HOMO-3  LUMO (13.59%) 

HOMO-1  LUMO (16.47%). 

HOMO-1  LUMO+1 (54.29%). 
a
Orbital contributions below 10% are omitted. 

7.3 Summary and conclusion: 

In summary, numerous ligands were designed and studied their excited state 

photophysical properties by theoretical study. The systematic study of the excitation window by 

DFT method revealed strong -* transition of the ligands due to presence of aromatic rings. 

The triplet level location also been calculated by using TD-DFT method and found that among 

three (1a-f, 2a-f, 3a-f) series a-f shown better energy matching with the excited state (
5
D0) of 

Eu
III

 ion and could facilitate the efficient energy transfer from ligand to Eu ion. In addition, the 

substituted phenyl moiety (mCF3 and pCF3) at N1-position in the phenanthro-imidazole ligand 

give additional benefits by reducing the triplet energy comparatively with other substitution that 

leads to efficient energy transfer from L to Eu ion in the complex could be expected. The 

systematic theoretical is certainly leads synthesis the best ligand molecules for Eu complexes.  In 

addition, some of the ligands can also serve as host materials for triplet dopant. 
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Chapter 8 

Summary and Conclusions 

The present works deals with molecular designing and synthesis of novel class bipolar or 

ancillary ligand for europium complexes and explore the possibility of using the same in white 

LEDs, temperature sensor and OLED applications. The observations and the conclusions derived 

from the present investigations are summarized in this chapter.  

8.1 Effects of electron withdrawing groups in imidazole-phenanthroline ligands and their 

influence on photophysical properties of Eu
III

 complexes for white light emitting diodes 

The designed ancillary ligands were synthesized and two of them structurally 

characterized. Their corresponding Eu-complexes were also been synthesized successfully and 

studied their photophysical properties syatamatically. The excited energy of the ligand is fully 

transferring to the Eu-metal ion in the complexes, 1Eu, 2Eu and 3Eu confirmed from the PL 

emission analysis. However, fluorene integrated with phenthroimazolde show white light 

emission and the corresponding mono nuclear Eu
III

 complex tris-β-diketones shown red 

emission. The QY of the complex, 2Eu was shown higher value (39.4 %) indicating that the 

presence of m-CF3 leads to improve the efficiency and Eu(TTA)3Phen-pCF3-Ph showed 78.7 % 

(thin film). The analysis from the InGaN-based LED (395 nm) also supported the same. The 

consumption of the emission from the source is higher in m-CF3 connected complex than 

remained complexes. The calculated CIE color coordinates for the complexes are shown bright 

red emission in solution, solid, thin film and LEDs. These are indicating that the fluorine 

moieties could reduce the non-radiative transition and leads to enhancement in the red emission. 

The white emissive fluorene based ligand combined with near UV LED show yellowish green 

emission with CIE color coordinates of x = 0.26, y = 0.36 (1-10) and sky blue, x = 0.20, y = 0.29 

(1-50), whereas the Eu complex integrated with near UV LED show red color emission with CIE 

color coordinates of x = 0.66, y = 0.34, respectively. White emission from LED was obtained 

from the mixing of ligand and the complex (host guest system) combined with near UV LED.  

This work demonstrates that the potential usage of the ligand and the complex can give 

complement color to produce white emission. The prominent results are indicating that the 

synthesized complexes are efficient and applications to novel organic Eu
III

 devices, like organic 

liquid lasers, plastic lasers, and optical fibers. 

8.2 Design and synthesis of new bipolar ligands based on phenanthroimidazole for tunable 

emissive Eu
III

 complexes: combined experimental and theoretical study 

Successful incorporation of Ph, mCF3, pCF3 and Fl moiety in phenanthroimidazole 

ligands were achieved and their efficient -diketonate Eu
III

 complexes have been synthesized, 

spectroscopically characterized. The photophysical, electrochemical properties have been 

investigated, to know the effect of the substitution in the ligand. All the ligands and complexes 

show similar UV-Visible absorption behaviour ( - *, at ~270, ~360 nm). DFT calculations 

were supportive of the experimental outcomes. Eu-complexes and its ligands PL study were 

carried out in solution form as well as in solid and thin film. The study indicates that the Eu-

complex emits tunable emission due to incomplete/partial energy transfer (white (solution), red 

(solid)), whereas fluorene decorated Eu-complex shows narrow band red emission with 
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appropriate CIE color gamut. The calculated asymmetric ratio (I2/I1) clearly indicates that the 

Eu
III

 ion located in the non-centro symmetric site or the local chemical environment is 

asymmetric in nature. The obtained PL emission clearly indicates that the efficient energy 

transfer encountered in case of fluorene based complex. The energy transfer mechanism for all 

the Eu-complexes was proposed based on combined experimental and theoretical study (DFT, 

TD-DFT). The PL lifetime of the Eu
III

 complexes also supports the emission behaviour. The 

calculated band gap of the complex by DRS and CV are almost similar. The Judd–Ofelt spectral 

intensity parameters, electrochemical study and absolute QY (mCF3 based Eu-complex shows 

better QY of 75.9 %) of the Eu-complexes were also been investigated. White and red LED was 

fabricated using these complexes with near UV LEDs (395 nm). These promising properties are 

suggesting that the synthesized Eu
III

 molecular complex is a potential red emitters for white 

LEDs and can be used a ratiometric temperature sensor.  

8.3 Carbazole and fluorene functionalized phenanthro-imidazole ancillary ligand based 

Eu-complexes for leds: detailed photophysical and theoretical study 

Two bipolar ligands and their corresponding Eu
III

 complexes were designed and 

successfully synthesized. DSC-TGA showed good thermal stability and decomposition, which is 

good for furthered solicitations and good glass transition temperature as well. The PL analysis 

indicates that all complexes showed pure red emission at around 612 nm, which is due to electric 

dipole transition of Eu
III

 ion present in the complex. In addition, there is no ligand emission in 

complex which clearly indicates that the complete energy transfer from the ligand to Eu
III

 metal 

ion occurs. To support the same, the energy transfer mechanism by computational study (DFT 

and TD-DFT) also been executed. The obtained absolute QY found to be superior (77.3%) to 

that of the reported complexes. The Judd–Ofelt theory to the emissive properties of Eu
III

 

complexes were investigated and the lifetime found better in Eu(TTA)3Phen-Fl-CBZ complex 

was to be 0.64 ms. The calculated HOMO-LUMO band gap of the complexes was good for 

furthered analysis. The fabricated red LED (Eu complexes with 395 nm emitted LED) shown 

pure red emission and the CIE color coordinates are x = 0.66, y = 0.33. The obtained results 

indicating that the presently studied complexes may potential application in white LEDs. 

8.4 Controlled energy transfer from ligand to Eu
III

 ion: A unique strategy to obtain bright 

white/red light emission and their versatile applications 

The newly synthesized DPA based Eu
III

 complex acting as a single component 

white-light-emitter and it is due to balancing the primary RGB colors in toluene. 

Whereas, the CBZ based Eu-complex shows red emission due to complete energy transfer 

from ligand to Eu
III

 metal ion. The TD-DFT calculations of singlet and triplet excited states 

and PL lifetime studies also support the energy transfer mechanism. The temperature 

dependent PL emission color tuning will certainly give direction to use the presently 

studied DPA based Eu-complex as a temperature sensor. In addition, the same conjugated 

with LED (395 nm) shown bright white light emission with appropriate CIE coordinates. 

In contrast, CBZ based Eu-complex shows red emission from the fabricated LED. The 

PLQY showed better improvement in Eu(TTA)3Phen-fl-TPA-CBZ (44.4%). The TGA-DSC 

analysis was showed good thermal decomposition, is above 270°C. The electrochemical analysis 

was shown HOMO and LUMO energy levels for the Eu
III

 complex is around 5.72 and 3.08 eV, 
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respectively. All the experimental findings supports that the currently synthesized complexes 

could be useful in white LEDs and ratiometric temperature sensor.  

8.5 Mono and binuclear luminescent Eu
III

 molecular complexes for white light emitting 

diodes: combined Experimental and theoretical study 

A new bipolar ligand with spacer moiety was synthesized and used the same for Eu
III

 

complex. The PL emission spectra of the complex clearly indicates that the fully energy transfer 

is happening; the same was also confirmed by DFT and TD-DFT calculations. The spacer 

molecule can decrease the energy gap of HOMO-LUMO energy levels. In other words, it was 

increases singlet and triplet energy levels results efficient energy transfer. The improved 

intensity ratios as well as FWHM were shown better for the complex. The absolute quantum 

efficiency of the complex showed 11.5% and enhanced quantum efficiency observed by 1% 

doping of complex in PMMA. The complex has shown worthy thermal decomposition. In 

addition, we have designed and synthesised two ancillary ligands (in the ligand structure the two 

phenanthroline moiety connected through phenyl ethoxy spacer (N1 fuctionlized by phenyl and 

fluorene)) and using this corresponding binuclear Eu-complexes was synthesized successfully. 

The isolation of the luminescent Eu core was achieved (reduce the concentration quenching 

effect through non-radiative energy transfer among the Eu ion in the complex). The PL emission 

spectral study of the ligands shown blue to greenish yellow (solution to solid) and their 

respective complexes showed efficient characteristic red emission.  No additional emission in the 

region of 400-550 nm indicates the efficient energy transfer (confirmed by DFT and TD-DFT 

calculations). The calculated spectral parameters shown currently synthesized ligands are good 

sensitizers for Eu
III

 metal ion. The suppression of radiationless transitions caused by vibrational 

relaxation or non-radiative energy migration is reduced comparatively significant in the thin film 

of the complex Eu2(TTA)6(L2) compare to that of complex Eu2(TTA)6(L1)  leads to highest QY 

(59.5 %), fluorene sensitization also plays a vital role. The fabricated LED conjugated with Eu-

complex shown efficient red emission. These observations are indicating that the presently 

synthesized complexes are potential in lighting applications.  

8.6 Designing of ancillary ligands / organic chromophores and study their excited 

photophysical properties for Eu
III

 complexes – A theoretical approach 

Numerous ligands were designed and studied their excited state photophysical properties 

by theoretical study.  The systematic study of the excitation window by DFT method revealed 

strong -* transition of the ligands due to presence of aromatic rings. The triplet level location 

also been calculated by using TD-DFT method and found that among three (1a-f, 2a-f, 3a-f) 

series a-f shown better energy matching with the excited state (
5
D0) of Eu

III
 ion and could 

facilitate the efficient energy transfer from ligand to Eu ion. In addition, the substituted phenyl 

moiety (mCF3 and pCF3) at N1-position in the phenanthro-imidazole ligand give additional 

benefits by reducing the triplet energy comparatively with other substitution that leads to 

efficient energy transfer from L to Eu ion in the complex could be expected.  The systematic 

theoretical is certainly leads synthesis the best ligand molecules for Eu complexes.  In addition, 

some of the ligands can also serve as host materials for triplet dopant.  
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8.7 Scope for future work 

1. The synthesized potential Eu-complexes to be screened for OLED applications with suitable 

device structure. 

2. Temperature dependent PL study of the dual emissive europium complexes to be carried out 

for possible application colorimetric or ratiometric temperature sensor. 

3. Tailoring the bipolar or ancillary ligand and utilize the same for the synthesis of Eu-complexes 

obtain single molecule white emissive Europium complexes. 

4. Theoretically screened ambipolar ancillary ligands to be used to synthesize terbium (Tb) and 

europium (Eu) complexes. 

5. N1 substitution with different functional groups can be executed in the phenanthro-imidazole 

binuclear Eu-complexes. 
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Annexure I 

(Chapter 2) 

Effects of electron withdrawing groups in imidazole-phenanthroline ligands and their 

influence on photophysical properties of Eu
III

 complexes for white light emitting diodes 

Contents 
1. Figure 2.S1. The 

1
H (top) and 

13
C (bottom) NMR of the 1L ligand. 

2. Figure 2.S2. The 
1
H (top) and 

13
C (bottom) NMR of the 2L ligand. 

3. Figure 2.S3. The 
1
H (top) and 

13
C (bottom) NMR of the 3L ligand. 

4. Table 2.ST1. The PL intensity of the magnetic and electric dipole transitions of the 

complexes. Their ratio of the Eu
III

 complexes in solution form as well as solid form. 

5. Figure 2.S4. The emission spectrum of ligands, 1L, 2L and 3L and UV-vis absorption 

spectra of the TTA at room-temperature.  

6. Figure 2.S5. The lifetime of the ligand, Phen-Ph-Ph in different solvents, the lifetime of the 

ligand, Phen-mCF3-Ph in different solvents. 

7.  Figure 2.S6. The lifetime of the ligand, Phen-pCF3-Ph in different solvents, the lifetime of 

thin film of the Eu-complex, Eu(TTA)3Phen-Ph-Ph in different concentrations . 

8. Figure 2.S7. The lifetime of thin film of the Eu-complex, Eu(TTA)3Phen-mCF3-Ph (right) 

and Eu(TTA)3Phen-pCF3-Ph (left) in different concentrations. 

9. Table 2.ST2. The calculated experimental branching ratios (β1-3) of the complexes. 

10. Table 2.ST3. The CIE color coordinates calculated out comes of the Eu
III

 complexes and 

their intensity ratios in thin film.  

11. Table 2.ST4. The CIE color coordinates calculated results from the PL emission spectra of 

the Eu
III

 complexes in solution at different excitation source.  

12. Table 2.ST5. The CIE color coordinates calculated results from the PL emission spectra of 

the ligands in solution form at different excitation source.  

13. Table 2.ST6. The CIE color coordinates calculated results from the PL emission spectra of 

the Eu
III

 complexes in solid form at different excitation source.  

14. Table 2.ST7. The CIE color coordinates calculated results from the PL emission spectra of 

the ligands in solid form at different excitation source.   

15. Table 2.ST8. The HOMO-LUMO and singlet triplet calculations of the ligands. 

16. Figure 2.S8. The 
1
H-NMR of the ligand, Phen-Fl-Ph. 

17. Figure 2.S9. The 
13

C-NMR of the ligand, Phen-Fl-Ph. 

18. Figure 2.S10. The 
19

F-NMR spectra of the complex, Eu(TTA)3Phen-Fl-Ph. 

19. Eu(TTA)3.2H2O characterization 

20. Figure 2.S11. The comparison FT-IR spectra of the TTA and Eu(TTA)3.2H2O. 

21. Figure 2.S12. The 1H-NMR spectra of the Eu(TTA)3.2H2O. 

22. Table 2.ST9. PL spectral data of ligands in various solvents. 

23. Table 2.ST10. The CIE color coordinates of the ligand in different solvent.  

24. Table 2.ST11. The CIE color coordinates for the ligand in different excitation source from 

300-400 nm. 

25. Table 2.ST12. CIE color coordinates for the ligand and the complex in solution and solid 

phase. 

26. Figure 2.S13. The PL spectra of the ligand (left) and the combined emission spectra of the 

complex and the ligand (right) in chloroform solution. 
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27. Figure 2.S14. The triplet state energy level calculation from the phosphorescence emission 

spectra of the Gd
III

 coordinated ligand at 77K (left), the PL emission spectra of the ligand and 

UV-absorption spectra of the TTA at room temperature (right). 

28. Table 2.ST13. The ligand and corresponding Eu
III

 complex CIE color coordinates in thin 

film. 

29. Figure 2.S15. The lifetime of the ligand in different excitation from 300-420 nm in solid 

form. 

 

 
Figure 2.S1 The 

1
H (top) and 

13
C (bottom) NMR of the 1L ligand. 
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Figure 2.S2 The 
1
H (top) and 

13
C (bottom) NMR of the 2L ligand. 
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Figure 2.S3 The 
1
H (top) and 

13
C (bottom) NMR of the 3L ligand. 
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Table 2.ST1 The PL intensity of the magnetic and electric dipole transitions of the complexes 

and their ratio of the Eu
III

 complexes in solution form as well as solid form. 

Solution Phase 

S.No. Complex name 
5
D0-

7
F1 (a.u.) 

5
D0-

7
F2 (a.u.) Ratio 

1. Eu(TTA)3Phen-Ph-Ph 280058.74 3505695.0 12.52007 

2. Eu(TTA)3Phen-mCF3-Ph 1629022.00 2274303.8 13.961201 

3. Eu(TTA)3Phen-pCF3-Ph 1097453.91 16787376.4 15.2967 

Solid Phase 

1. Eu(TTA)3Phen-Ph-Ph 8280000 531000000 6.41304 

2. Eu(TTA)3Phen-mCF3-Ph 3940000 41800000 10.6091 

3. Eu(TTA)3Phen-pCF3-Ph 723554.76 11400000 15.756 

 

Figure 2.S4 The emission spectrum of ligands, 1L, 2L and 3L and UV-vis absorption spectra of 

the TTA at room-temperature. 

  

Figure 2.S5 The lifetime of the ligand, Phen-Ph-Ph in different solvents, the lifetime of the 

ligand, Phen-mCF3-Ph in different solvents. 
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Figure 2.S6 The lifetime of the ligand, Phen-pCF3-Ph in different solvents, the lifetime of thin 

film of the Eu-complex, Eu(TTA)3Phen-Ph-Ph in different concentrations. 

    
Figure 2.S7 The lifetime of thin film of the Eu-complex, Eu(TTA)3Phen-mCF3-Ph (right) and 

Eu(TTA)3Phen-pCF3-Ph (left) in different concentrations. 

Table 2.ST2 The calculated experimental branching ratios (β1-3) of the complexes. 

S. No. Compound  1 2 3 

1. 1Eu, Solution 6.68 88.30 4.83 

2. Solid 12.52 80.47 7.27 

3. Thin film,  0.1% 15.93 72.47 11.58 

4. 0.5 % 14.32 76.05 9.61 

5. 1 % 19.41 69.9 10.68 

6. 5 % 25.1 61.09 13.80 

7. 2Eu, Solution 5.62 90.45 3.91 

8. Solid 8.21 85.37 6.41 

9. Thin film,  0.1% 15.47 73.47 11.05 

10 0.5 % 19.09 70.19 10.70 

11. 1 % 19.16 68.58 12.25 

12. 5 % 23.67 65.80 13.52 
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13. 3Eu, Solution 6.16 89.49 4.33 

14. Solid 5.86 88.30 5.83 

15. Thin film,  0.1% 14.23 72.06 13.70 

16. 0.5 % 22.21 67.22 10.56 

17. 1 % 15.71 70.01 14.26 

18. 5 % 24.21 62.26 13.51 

Table 2.ST3 The CIE color coordinates calculated out comes of the Eu
III

 complexes and their 

intensity ratios in thin film. 

 

Complex 

Thin film  

Asym. 

Ratio  

CIE FWHM 

x y 

1Eu 0.1% 

0.5% 

1.0% 

5.0% 

9.15 

8.17 

5.16 

2.63 

0.619 

0.633 

0.637 

0.6341 

0.379 

0.365 

0.361 

0.365 

9.42 

10.58 

13.63 

17.91 

2Eu 0.1% 

0.5% 

1.0% 

5.0% 

7.50 

5.32 

4.56 

2.94 

0.617 

0.625 

0.633 

0.637 

0.381 

0.373 

0.365 

0.361 

10.37 

13.50 

14.19 

17.13 

3Eu 0.1% 

0.5% 

1.0% 

5.0% 

9.45 

7.69 

4.74 

3.09 

0.575 

0.579 

0.582 

0.586 

0.421 

0.417 

0.415 

0.411 

9.56 

10.68 

13.91 

16.89 

Table 2.ST4 The CIE color coordinates calculated results from the PL emission spectra of the 

Eu
III

 complexes in solution at different excitation source. 

Solution 

Compounds x y  ex (nm) 

Eu(TTA)3Phen-Ph-Ph 0.625007 0.325309 
 

291 

 0.625347 0.338608  372 

Eu(TTA)3Phen-mCF3-Ph 0.59976 0.316711 
 

273 

 0.641875 0.332231 
 

340 

 0.6418866 0.332868 
 

371 

Eu(TTA)3Phen-pCF3-Ph 0.644295 0.333256 
 

342 

 0.631659 0.327631 
 

374 

Table 2.ST5 The CIE color coordinates calculated results from the PL emission spectra of the 

ligands in solution form at different excitation source.  

Solution 

Compounds x y  ex (nm) 

Phen-Ph-Ph 0.218529 0.138168  246 

 0.159785 0.0395788  329 

 0.180163 0.0745647  271 
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Phen-mCF3-Ph 0.176331 0.0675948  290 

 0.159286 0.0410187  340 

Phen-pCF3-Ph 0.171973 0.0610895  271 

 0.160165 0.0393145  321 

Table 2.ST6 The CIE color coordinates calculated results from the PL emission spectra of the 

Eu
III

 complexes in solid form at different excitation source.  

SOLID 

Compounds x y colour ex (nm) 

Eu(TTA)3Phen-Ph-Ph 0.639333 0.341546  270 

 0.644392 0.348862  360 

Eu(TTA)3Phen-mCF3-Ph 0.632984 0.342448  270 

 0.648876 0.34382  360 

Eu(TTA)3Phen-pCF3-Ph 0.589598 0.34419  270 

 0.642717 0.342321  360 

 

Table 2.ST7 The CIE color coordinates calculated results from the PL emission spectra of the 

ligands in solid form at different excitation source.  

Solution 

Compounds x y  exc (nm) 

Phen-Ph-Ph 0.166401 0.175981 
 

339 

 0.165785 0.179578 
 

380 

Phen-mCF3-Ph 0.162099 0.135490 
 

349 

 0.162286 0.1360187 
 

380 

Phen-pCF3-Ph 0.151671 0.112979 
 

353 

 0.156015 0.113045 
 

380 

Table 2.ST8 The HOMO-LUMO and singlet triplet calculations of the ligands. 

Ligands HOMO LUMO Band gap S1 (eV) T1 (eV) 

 (eV) gas dcm gas dcm 

Phen-Ph-Ph 5.742 1.516 4.226 3.488 3.613 2.774 2.807 

Phen-mCF3-Ph 5.894 1.877 4.017 3.510 3.629 2.768 2.803 

Phen-pCF3-Ph 5.918 1.901 4.017 3.489 3.638 2.767 2.804 
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Figure 2.S8 The 
1
H-NMR of the ligand, Phen-Fl-Ph. 

 

Figure 2.S9 The 
13

C-NMR of the ligand, Phen-Fl-Ph. 
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Figure 2.S10 The 
19

F-NMR spectra of the complex, Eu(TTA)3Phen-Fl-Ph. 

 

Eu(TTA)3.2H2O characterization: 

To know the structure formation of Eu(TTA)3. 2H2O, the complex have been 

characterized by FT-IR, Elemental analysis and 
1
H-NMR analysis. The FT-IR spectra of TTA 

ligand shows C=O (c=o) stretching frequency at 1663 cm
-1

 and the corresponding Eu(TTA)3 

shows C=O (c=o) stretching frequency at 1609 cm
-1

, respectively. The difference (54 cm
-1

) 

between these two frequencies were clearly supports the formation of Eu(TTA)3 complex. In FT-

IR spectra, the peak appeared at 3409 cm
-1

 for Eu(TTA)3 is attributed to the water molecule. 

Similarly, TTA molecule also shows the same peak, it is due to the presence of moisture in the 

KBr pellet. However the broadness and % of transmittance is more for Eu(TTA)3. 2H2O. 

Elemental analysis: Anal. Calc. for C24H16EuF9O8S3: C, 33.85; H, 1.89; S, 11.30. Found: C, 

33.60; H, 1.38; S, 10.89%. 
1
H-NMR Data (400 MHz, DMSO-d6): δ 7.45 (S, 3H), 6.37 (d, 6H), 

3.59 (s, 3H). 
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Figure 2.S11 The comparison FT-IR spectra of the TTA and Eu(TTA)3.2H2O. 

 

 

Figure 2.S12 The 1H-NMR spectra of the Eu(TTA)3.2H2O. 

Table 2.ST9 PL spectral data of ligands in various solvents. 

Phen-Fl-Ph λabs (max) (nm) λem (max) (nm) Stoke’s shift (∆ν) (cm
-1

) 

Toulene 343 400 4154 

DCM  344 412 4797 

THF 340 407 4841 

CHCl3 340 409 4961 

Eu

F3C
O

O
S

2H2O

3
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EtOAc 341 404 4573 

MeOH 367 476 6239 

Acetone 340 419 5545 

DMF 343 419 5288 

DMSO 341 419 5459 

Table 2.ST10 The CIE color coordinates of the ligand in different solvent.  

S. No. Phen-Fl-Ph 

(exc in nm) 

Solid, CIE 

x y 

1 Acetone 0.1610 0.0720 

2 CHCl3 0.1634 0.0585 

3 DCM 0.1675 0.0733 

4 DMF 0.1620 0.0806 

5 DMSO 0.1596 0.0731 

6 EtOAC 0.1662 0.0709 

7 MeOH 0.2301 0.0288 

8 THF 0.1632 0.0642 

9 Toluene 0.1655 0.0513 

Table 2.ST11 The CIE color coordinates for the ligand in different excitation source from 300-

400 nm. 

S. No. Phen-Fl-Ph 

(exc in nm) 

Solid, CIE 

x y 

1 300 0.3030 0.3371 

2 310 0.302909 0.337281 

3 320 0.30031 0.337477 

4 330 0.300472 0.337939 

5 340 0.29995 0.337515 

6 350 0.298368 0.336104 

7 360 0.297848 0.334295 

8 370 0.295492 0.328957 

9 380 0.332399 0.385680 

10 390 0.382114 0.445974 

11 400 0.407202 0.479914 

Table 2.ST12 CIE color coordinates for the ligand and the complex in solution and solid phase. 

Compounds x y Colours ex (nm) 

 Solution  

Phen-Fl-Ph 0.172794 0.00674089 
 

277  

 0.159757 0.046403  330 

Eu(TTA)3Phen-Fl-Ph 0.641257 0.332481  342 

 0.599967 0.31926  291 

 0.6310 0.3288  376 

 Solid  

Phen-Fl-Ph 0.261269 0.338822  280 

 0.30031 0.337477 
 

320  
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Eu(TTA)3Phen-Fl-Ph 0.638551 0.34138  270 

 0.648061 0345129  360 

   
Figure 2.S13 The PL spectra of the ligand (left) and the combined emission spectra of the 

complex and the ligand (right) in chloroform solution. 

   
Figure 2.S14 The triplet state energy level calculation from the phosphorescence emission 

spectra of the Gd
III

 coordinated ligand at 77K (left), the PL emission spectra of the ligand and 

UV-absorption spectra of the TTA at room temperature (right).  

Table 2.ST13 The ligand and corresponding Eu
III

 complex CIE color coordinates in thin film. 

 

Complex 

Thin film  

CIE FWHM 

x y 

 Eu complex  

0.1% 

0.5% 

1.0% 

5.0% 

0.66 

0.66 

0.66 

0.65 

0.34 

0.34 

0.34 

0.34 

11.4 

14.0 

 14.0 

17.9 

 Ligand  
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0.1% 

0.5% 

1.0% 

5.0% 

Pure 

0.20 

0.20 

0.20 

0.20 

0.30 

0.18 

0.20 

0.19 

0.19 

0.43 

NA 

NA 

NA 

NA 

NA 

NA = not applicable 

 
Figure 2.S15 The lifetime of the ligand in different excitation from 300-420 nm in solid form. 
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Annexure II 

(Chapter 3) 
Design and synthesis of new bipolar ligands based on phenanthroimidazole for tunable 

emissive Eu
III

 complexes: combined experimental and theoretical study 

Contents: 
1. Figure 3.S1. The 

1
H-NMR spectra of the ligand, Phen-mCF3-TPA. 

2. Figure 3.S2. The 
13

C-NMR spectra of the ligand, Phen-mCF3-TPA. 

3. Figure S3.3. The 
19

F-NMR spectra of the ligand, Phen-mCF3-TPA. 

4. Figure 3.S4. The 
1
H-NMR spectra of the ligand, Phen-pCF3-TPA. 

5. Figure S3.5. The 
13

C-NMR spectra of the ligand, Phen-pCF3-TPA. 

6. Figure S3.6. The 
19

F-NMR spectra of the ligand, Phen-pCF3-TPA. 

7. Figure S3.7. The 
1
H-NMR spectra of the ligand, Phen-Ph-TPA. 

8. Figure S3.8. The 
13

C-NMR spectra of the ligand, Phen-Ph-TPA. 

9. Figure S3.9. The 
19

F-NMR spectra of the Eu-complex, Eu(TTA)3Phen-mCF3-TPA. 

10. Figure S3.10. The 
19

F-NMR spectra of the Eu-complex, Eu(TTA)3Phen-pCF3-TPA. 

11. Figure 3.S11. The mass spectra of the ligand (left) and Eu-complex, Eu(TTA)3Phen-mCF3-

TPA (right). 

12. Figure S3.12. The mass spectra of the ligand (left) and Eu-complex, Eu(TTA)3Phen-pCF3-

TPA (right). 

13. Figure S3.13. The mass spectra of the ligand (left) and Eu-complex, Eu(TTA)3Phen-Ph-TPA 

(right). 

14. Figure 3.S14. The 
1
H-NMR spectra of the ligand (Phen-Fl-TPA).  

15. Figure 3.S15. The 
13

C-NMR spectra of the ligand (Phen-Fl-TPA). 

16. Table 3.ST1 and ST2. The PXRD data’s of Phen-Fl-TPA ligand and its corresponding 

Eu(TTA)3Phen-Fl-TPA complex.  

17. Figure 3.S16. The absorption spectrum of the starting materials in chloroform solution. 

 
Figure 3.S1 The 

1
H-NMR spectra of the ligand, Phen-mCF3-TPA. 
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Figure 3.S2 The 
13

C-NMR spectra of the ligand, Phen-mCF3-TPA. 

 

Figure 3.S3 The 
19

F-NMR spectra of the ligand, Phen-mCF3-TPA. 

N N

NN

N

Phen-mCF3-TPA

F
F

F

N N

NN

N

Phen-mCF3-TPA

F
F

F



Annexure II 

(Chapter 3) 
 

300 

 

 

 

Figure 3.S4 The 
1
H-NMR spectra of the ligand, Phen-pCF3-TPA. 

 

 

Figure 3.S5 The 
13

C-NMR spectra of the ligand, Phen-pCF3-TPA. 
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Figure 3.S6 The 
19

F-NMR spectra of the ligand, Phen-pCF3-TPA. 

 

 

Figure 3.S7 The 
1
H-NMR spectra of the ligand, Phen-Ph-TPA. 
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Figure 3.S8 The 
13

C-NMR spectra of the ligand, Phen-Ph-TPA. 

 

 

Figure 3.S9 The 
19

F-NMR spectra of the Eu-complex, Eu(TTA)3Phen-mCF3-TPA. 
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Figure 3.S10 The 

19
F-NMR spectra of the Eu-complex, Eu(TTA)3Phen-pCF3-TPA. 

 

  

Figure 3.S11 The mass spectra of the ligand (left) and Eu-complex, Eu(TTA)3Phen-mCF3-TPA 

(right). 
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Figure 3.S12 The mass spectra of the ligand (left) and Eu-complex, Eu(TTA)3Phen-pCF3-TPA 

(right). 

 

    

Figure 3.S13 The mass spectra of the ligand (left) and Eu-complex, Eu(TTA)3Phen-Ph-TPA 

(right). 
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Figure 3.S14 The 
1
H-NMR spectra of the ligand (Phen-Fl-TPA). 

 

 
Figure 3.S15 The 

13
C-NMR spectra of the ligand (Phen-Fl-TPA). 
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Figure 3.S16 The absorption spectrum of the starting materials in chloroform solution. 
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Annexure-III 

(Chapter 4) 

Carbazole and fluorene functionalized phenanthro-imidazole ancillary ligand based Eu
III

 

complexes for leds: detailed photophysical and theoretical study 

Contents: 
1. Figure 4.S1. The NMR spectra of the intermediate (CBZ-Ph-CHO) for ligand, 2L (up- 

1
H and down 

13
C-NMR). 

2. Figure 4.S2. The NMR spectra of the intermediate (t-but CBZ-Ph-CHO) for ligand, 2L 

(up- 
1
H and down 

13
C-NMR). 

3. Figure 4.S3. The NMR spectra of the ligand, 1L (up- 
1
H and down 

13
C-NMR). 

4. Figure 4.S4. The NMR spectra of the ligand, 2L (up- 
1
H and down 

13
C-NMR). 

5. Figure 4.S5. The 
19

F-NMR spectra of the Eu(TTA)3Phen-Fl-CBZ. 

6. Figure 4.S6. The 
19

F-NMR spectra of the Eu(TTA)3Phen-Fl-t-but CBZ. 

7. Figure 4.S7. The Mass spectrometry (LC-MS) analysis of the ligand, Phen-Fl-CBZ 

(left), and ligand, Phen-Fl-t-but CBZ (right). 

8. Figure 4.S8. The Mass spectrometry (LC-MS) analysis of the Eu
III

 complex, 

Eu(TTA)3Phen-Fl-CBZ (left) and Eu
III

 complex, Eu(TTA)3Phen-Fl-t-but CBZ (right). 

9. Figure 4.S9. The PXRD of the ligands, 1L (lreft) and 2L (right). The ligand, 1L 

comparison with already reported Phen-Fl-TPA ligand. 

10. Table 4.ST1. The PXRD data of the Eu
III

 complexes and their ligands. 

11. Table 4.ST2. The XYZ coordinates for the ligands from the theoretical (optimized) 

analysis. 

 

 
Figure 4.S1 The 

1
H-NMR spectra of the ligand, 1L. 
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Figure 4.S2 The 
13

C-NMR spectra of the ligand, 1L. 

 

 

Figure 4.S3 The 
1
H-NMR spectra of the ligand, 2L. 
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Figure 4.S4 The 
13

C-NMR spectra of the ligand, 2L. 

 

 

Figure 4.S5 The 
19

F-NMR spectra of the Eu(TTA)3Phen-Fl-CBZ. 
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Figure 4.S6 The 
19

F-NMR spectra of the Eu(TTA)3Phen-Fl-t-but CBZ. 

 

   

Figure 4.S7 The Mass spectrometry (LC-MS) analysis of the ligand, Phen-Fl-CBZ (left) and 

ligand, Phen-Fl-t-but CBZ (right). 
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Figure 4.S8 The Mass spectrometry (LC-MS) analysis of the Eu
III

 complex, Eu(TTA)3Phen-Fl-

CBZ (left) and Eu
III

 complex, Eu(TTA)3Phen-Fl-t-but CBZ (right). 

 

   
Figure 4.S9 The PXRD of the ligands, 1L (left) and 2L (right). The ligand, 1L comparison with 

already reported Phen-Fl-TPA ligand. 
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Annexure IV 

(Chapter 5) 

Controlled energy transfer from ligand to Eu
III 

ion: A unique strategy to obtain bright 

white/red light emission and their versatile applications 

Contents 
1. Figure 5.S1. The 

1
H NMR spectra of the Phen-Fl-TPA-DPA ligand. 

2. Figure 5.S2. The 
13

C NMR spectra of the Phen-Fl-TPA-DPA ligand. 

3. Figure 5.S3. The 
19

F-NMR spectra of the of the Eu
III

 complex (Eu(TTA)3Phen-Fl-TPA-

DPA). 

4. Figure 5.S4. The mass spectra of the Phen-Fl-TPA-DPA ligand (left), the mass spectra of the 

Eu
III

 complex (Eu(TTA)3Phen-Fl-TPA-DPA). 

5. Figure 5.S5. The Eu
III

 complex in mixture of toluene and acetonitrile (ACN) solution with 

different concentration ratios from 10-100 (a, b) at different excitation wavelength source 

from 310 – 400 nm. 

6. Table 5.ST1. CIE coordinates of the Eu
III

 complex in mixture of toluene and acetonitrile 

(ACN) solution with different concentration ratios at different excitation wavelength source 

from 300 – 420 nm. 

7. Figure S6. The Eu
III

 complex in mixture of toluene and EtOAc solution with different 

concentration ratios from 10-100 (a, b) at different excitation wavelength source from 310 – 

400. 

8. Table 5.ST2. CIE coordinates of the Eu
III

 complex in mixture of toluene and ethyl acetate 

(EtOAc) solution with different concentration ratios at different excitation wavelength source 

from 300 – 420 nm. 

9. Figure 5.S7. The emission of Eu
III

 complex in different temperature with different excitation 

from 300-400 nm and their respective CIE color coordinates toluene (a-e). 

10. Figure 5.S8. 
1
H-NMR of Phen-Fl-TPA-CBZ ligand. 

11. Figure 5.S9. 
13

C-NMR (down) of Phen-Fl-TPA-CBZ ligand. 

12. Figure 5.S10. 
19

F-NMR of Phen-Fl-TPA-CBZ ligand. 

13. Figure 5.S11. The mass spectrum of the ligand, Phen-Fl-TPA-CBZ (right), the mass 

spectrum of the complex, Eu(TTA)3Phen-Fl-TPA-CBZ (Left). 
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Figure 5.S1 The 
1
H NMR spectra of the Phen-Fl-TPA-DPA ligand. 

 

Figure 5.S2 The 
13

C NMR spectra of the Phen-Fl-TPA-DPA ligand. 
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Figure 5.S3 The 

19
F-NMR spectra of the of the Eu

III
 complex (Eu(TTA)3Phen-Fl-TPA-DPA). 

 

   
 

Figure 5.S4 The mass spectra of the Phen-Fl-TPA-DPA ligand (left), the mass spectra of the 

Eu
III

 complex (Eu(TTA)3Phen-Fl-TPA-DPA). 
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Figure 5.S5 The Eu
III

 complex in mixture of toluene and acetonitrile (ACN) solution with 

different concentration ratios from 10-100 (a, b) at different excitation wavelength source from 

310 – 400 nm. 

Table 5.ST1 CIE coordinates of the Eu
III

 complex in mixture of toluene and acetonitrile (ACN) 

solution with different concentration ratios at different excitation wavelength source from 300 – 

420 nm. 

Wavelength 

(max)  

CIE Coordinates 

Tol (90):(10) ACN 

I (Lum) CIE Coordinates  

Tol (10):(90) ACN 

I (Lum) 

x y x y 

300 0.34280 0.46542 1.173E+004 0.53713 0.30013 1.197E+003 
310 0.34172 0.46565 1.331E+004 0.55671 0.30435 1.580E+003 
320 0.35378 0.46036 1.514E+004 0.59083 0.31180 2.474E+003 
330 0.36766 0.45436 1.515E+004 0.61088 0.31657 3.083E+003 
340 0.37831 0.45000 1.430E+004 0.61842 0.31888 3.188E+003 
350 0.37096 0.45306 1.525E+004 0.61636 0.31941 2.863E+003 
360 0.36107 0.45551 1.703E+004 0.61374 0.32059 2.506E+003 
370 0.34972 0.46017 1.971E+004 0.60277 0.32144 1.881E+003 
380 0.33033 0.47125 2.235E+004 0.54312 0.32058 8.369E+002 
390 0.32323 0.48066 2.321E+004 0.39810 0.31310 3.338E+002 
400 0.32789 0.48699 2.176E+004 0.32835 0.31807 2.107E+002 
410 0.33734 0.49431 1.819E+004 0.29449 0.28914 1.716E+002 
420 0.35321 0.50107 1.332E+004 0.28764 0.28771 1.393E+002 
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Figure S6 The Eu
III

 complex in mixture of toluene and EtOAc solution with different con
c
. ratios 

from 10-100 (a, b) at different excitation wavelength source from 310 – 400 nm. 

Table 5.ST2 CIE coordinates of the Eu
III

 complex in mixture of toluene and ethyl acetate 

(EtOAc) solution with different concentration ratios at different excitation wavelength source 

from 300 – 420 nm. 

Wavelength 

(max)  

CIE Coordinates 

Tol(90):(10) EtOAc 

I (Lum) CIE Coordinates 

Tol (10):(90) EtOAc 

I (Lum) 

x y x y 

300 0.45687 0.38146 5.632E+003 0.36203 0.43711 3.587E+003 
310 0.44997 0.38321 6.364E+003 0.36403 0.43549 4.454E+003 
320 0.45335 0.38442 8.482E+003 0.38732 0.42725 6.185E+003 
330 0.47202 0.37972 9.130E+003 0.41302 0.41868 6.220E+003 
340 0.48469 0.37672 8.979E+003 0.42518 0.41491 5.887E+003 
350 0.47944 0.37766 9.292E+003 0.41772 0.41812 6.739E+003 
360 0.46998 0.37942 1.034E+004 0.40622 0.42322 8.627E+003 
370 0.45711 0.38343 1.182E+004 0.37966 0.43518 1.147E+004 
380 0.41784 0.39772 1.251E+004 0.33558 0.45777 1.395E+004 
390 0.39113 0.41313 1.258E+004 0.31825 0.47119 1.477E+004 
400 0.38391 0.42595 1.231E+004 0.32111 0.47893 1.431E+004 
410 0.38303 0.44042 1.133E+004 0.33180 0.48500 1.236E+004 
420 0.38525 0.45721 9.509E+003 0.34745 0.49042 9.278E+003 
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Figure 5.S7 The emission of Eu
III

 complex in different temperature with different excitation 

from 300-400 nm and their respective CIE color coordinates toluene (a-e). 
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Figure 5.S8 
1
H-NMR of Phen-Fl-TPA-CBZ ligand. 

 

 

Figure 5.S9 
13

C-NMR (down) of Phen-Fl-TPA-CBZ ligand. 
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Figure 5.S10 
19

F-NMR of Phen-Fl-TPA-CBZ ligand. 

      

Figure 5.S11 The mass spectrum of the ligand, Phen-Fl-TPA-CBZ (right), the mass spectrum of 

the complex, Eu(TTA)3Phen-Fl-TPA-CBZ (Left). 
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Annexure V 

(Chapter 6) 

Mono and binuclear luminescent Eu
III

 molecular complexes for white light emitting diodes: 

combined Experimental and theoretical study 

Contents 
1. Figure 6.S1. The 

1
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Figure 6.S1 The 
1
H and 

13
C NMR spectra are of the Ligand. 
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Figure S2 The 
1
H and 

13
C NMR spectra are of the Ligand. 

   

Figure 6.S3 The Mass spectrum of the Ligand (left) and corresponding Eu(TTA)
3
Phen-Fl-O-

CBZ complex (right). 
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Figure 6.S4 The 

1
H-NMR of the ligand L1. 

 

Figure 6.S5 The 
1
H-NMR of the ligand L2. 
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Figure 6.S6 The 
13

C-NMR of the ligand L2. 

 

    

Figure 6.S7 The mass spectrum of the ligand L1 (left) and ligand L2 (right). 
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Figure 6.S8 The PL emission spectra of the ligands, L1 and L2, overlap with the TTA UV 

absorption spectra under room temperature. 

Table 6.ST1 The Eu
III

 complexes CIE color coordinates in thin film. 

 

Eu2(TTA)6(L1) 

Thin film 

CIE 
FWHM I2 / I1 x y 

0.1% 

0.5% 

1.0% 

5.0% 

Pure 

0.661 

0.663 

0.664 

0.666 

0.661 

0.330 

0.330 

0.330 

0.331 

0.333 

3.80 

 3.97 

3.80 

3.18 

4.14 

20.74 

20.96 

22.37 

21.27 

18.14 

Eu2(TTA)6(L2)    

0.1% 

0.5% 

1.0% 

5.0% 

Pure 

0.645 

0.655 

0.663 

0.663 

0.662 

0.329 

0.330 

0.332 

0.332 

0.335 

3.83 

4.03 

4.02 

4.17 

4.21 

20.66 

21.31 

21.33 

21.83 

17.72 

 



Annexure V 

(Chapter 6) 
 

326 

 

      

Figure 6.S9 The Eu
III

 complexes CIE color coordinates in thin film (left) and LED CIE color 

coordinates for the Eu
III

 complexes in different ratio (right). 

Table 6.S2 Computed vertical transitions and their oscillator strengths and configurations
 
of 

ligands (L1 and L2).
a
 

Compound State Energy(eV) λmaxnm  Configuration 

L1 (S1) Gas 3.5972 344.67 0.0411 HOMO  LUMO+1 (51.8%) 

 (S2)  3.6112 343.33 0.0323 HOMO-1  LUMO (54.7%) 

 (S3)  3.7319 332.23 0.3496 HOMO  LUMO+1 (37.8%) 

HOMO  LUMO+3 (46.9%) 

Triplet (T1) Gas 2.7492 450.98 - HOMO-2  LUMO+1 (13.2%) 

HOMO  LUMO+1 (41.4%) 

HOMO  LUMO+3 (44.4%) 

HOMO  LUMO+4 (15.8%) 

 (T2)  2.7642 448.53 - HOMO-3  LUMO (14.4%) 

HOMO-1  LUMO (39.9%) 

HOMO-1  LUMO+2 (45.3%) 

      

 (T3)  3.1644 391.81 - HOMO-2  LUMO+3 (13.8%) 

HOMO  LUMO+1 (45.0%) 

HOMO  LUMO+9 (24.9%) 

L2 (S1) Gas 3.3690 368.02 0.0098 HOMO  LUMO+1 (70.2%) 

 (S2)  3.4171 362.83 0.0204 HOMO-1  LUMO (70.1%) 

 (S3)  3.7025 334.87 0.00 HOMO-1  LUMO+1 (70.6%) 

Triplet (T1) Gas  2.7465 451.42 - HOMO-2  LUMO+3 (13.8%) 

HOMO  LUMO+3 (32.8%)  

HOMO  LUMO+5 (50.41%) 



Annexure V 

(Chapter 6) 
 

327 

 

 (T2)  2.7607 449.10 - HOMO-9  LUMO+8 (10.1%) 

HOMO-3  LUMO+2 (13.2%) 

HOMO-1  LUMO (21.9%) 

HOMO-1  LUMO+2 (28.4%) 

HOMO-1  LUMO+4 (51.0%) 

 (T3)  2.9833 415.60 - HOMO-35LUMO+17 (10.3%) 

HOMO-6  LUMO+1 (39.6%) 

HOMO-4  LUMO+1 (37.8 %) 

HOMO  LUMO+1 (10.9%) 
a
Orbital contributions below 10% are omitted. 

 

 

 

 

 


