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Chapter 1 
 

Introduction 
 

 

1.1 Coordination structure of lanthanide complexes 
 Lanthanide complexes have attracted considerable attention because of their 

unique luminescent, magnetic, and catalytic properties.[1-3] Lanthanide series consist of 

fifteen atoms from La to Lu, located at group 3 in the periodic table as shown in Figure 

1-1. The most stable oxidation state of lanthanide ions is known to be trivalent. The 

electronic configurations for their neutral atoms and trivalent ions are summarized in 

Table 1-1. The electrons are gradually filling in 4f-orbital that is shielded by outer 5s and 

5p orbitals.  

 
Figure 1-1 Lanthanide series in the periodic table. 
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The characteristic luminescence and magnetic properties of lanthanide complexes are 

dominated by the inner 4f orbital. Coordination structure of lanthanide complexes also 

influences their physicochemical properties. The style of building coordination structure 

in lanthanide complexes is much different from transition metal complexes. 

 

Table 1-1 Electronic configurations in neutral and trivalent states of lanthanide elements. 

element neutral state trivalent state 

La [Xe] 5d1 6s2 [Xe] 

Ce [Xe] 4f1 5d1 6s2 [Xe] 4f1 

Pr [Xe] 4f3 6s2 [Xe] 4f2 

Nd [Xe] 4f4 6s2 [Xe] 4f3 

Pm [Xe] 4f5 6s2 [Xe] 4f4 

Sm [Xe] 4f6 6s2 [Xe] 4f5 

Eu [Xe] 4f7 6s2 [Xe] 4f6 

Gd [Xe] 4f7 5d1 6s2 [Xe] 4f7 

Tb [Xe] 4f9 6s2 [Xe] 4f8 

Dy [Xe] 4f10 6s2 [Xe] 4f9 

Ho [Xe] 4f11 6s2 [Xe] 4f10 

Er [Xe] 4f12 6s2 [Xe] 4f11 

Tm [Xe] 4f13 6s2 [Xe] 4f12 

Yb [Xe] 4f14 6s2 [Xe] 4f13 

Lu [Xe] 4f14 5d1 6s2 [Xe] 4f14 

 

Ionic radii of trivalent lanthanide ions (Table 1-2) are larger than that of TiIII ion 

(67.0 pm) that is the largest ion among transition metal ions. In terms of steric hindrance, 

lanthanide ions could have more than six ligands in their coordination sphere. 

Additionally, the 4f inner orbitals of lanthanide ions are shielded from effects of the 
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surrounding anions. The shielded orbital is not able to participate in directional bonding 

found in transition metal complex with ligand field. In summary, the coordination number 

of lanthanide complex is determined by the steric factor.[4,5]  

 

Saturation in the coordination sphere of the lanthanide ion can come about in 

one of two ways. 1) First-order effects: in the case of small ligands such as H2O and Cl-, 

the coordination number is determined by the number related to repulsion between the 

donor atoms directly binding with the lanthanide ion. 2) Second-order effects: certain 

bulky ligands have a high second-order steric effect that generates a crowding round 

the lanthanide ion (for example [-N(SiMe3)2], [-C(SiMe3)3], mesityl, and t-butyl). Even 

though the lanthanide ion is bound to a few ligands, the bulky ligands prevent the 

lanthanide ion from binding to other ligands.  

The most typical coordination number in lanthanide complexes is eight or nine, 

accounting for 60% of the known structures. Coordination numbers two-to-six are still 

scarce, but realized by introducing the bulky ligands. The representative lanthanide 

complexes with two- and three-coordinate structures are shown in Figure 1-2.[6-8] The 

two-coordinate structure, in which C-Ln-C bond angle was determined as 137º, was 

reported as the organometallic lanthanide complex with bulky [-C(SiMe3)3] ligands. 

  Table 1-2 Ionic radii of trivalent lanthanide ions in octahedral site. 

 LaIII    CeIII   PrIII   NdIII  PmIII  SmIII  EuIII  GdIII  TbIII   DyIII  HoIII  ErIII   YbIII   LuIII 

ionic radius 

[pm] 
103.2  101.0  99.0  98.3  97.0  95.8  94.7  93.8  92.3  91.2  90.1  89.0  86.8   86.1 
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Three-coordinate lanthanide complexes were synthesized by means of introducing 

[-N(SiMe3)2] ligand. The three-coordinate structure was determined as pyramidal and 

planar structures in the solid state and in solution, respectively. 

 

 
Figure 1-2 Chemical structures of lanthanide complexes with a) two-coordination and b) 

three-coordination. Ln=lanthanide. 

 

 Coordination numbers of four-to-six have been also presented in lanthanide 

complexes with bulky ligands and/or counter ions.[9-17] In these lanthanide complexes, 

all the representative coordination polyhedra (tetrahedron, trigonal-prism, octahedron, 

trigonal-bipyramid, and square-pyramid) have been reported as shown in Figure 1-3. 

 Seven-coordinate lanthanide complexes are also rare. The seven-coordinate 

structures have been sometimes observed in β-diketonate complexes and macrocyclic, 

such as porphyrinate and phthalocyanate, complexes.[18,19] The representative 

polyhedron of seven-coordinate complexes (monocapped-octahedron) is relatively 

low-symmetrical structure. 
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Figure 1-3 Chemical, crystal, and coordination geometrical structures of lanthanide complexes 

with a) tetrahedral, b) trigonal-prismatic c) octahedral, d) trigonal-bipyramidal, and e) 

square-pyramidal structures.
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 Large coordination number (eleven and twelve) in lanthanide complexes has 

been seldom observed because of steric overcrowding and electric repulsion of donor 

ligands. An example of eleven-coordinate lanthanide complex is composed of a EuIII ion 

a 15-crown-5 ligand and nitrate ligands (Figure1-4a).[20] A small ‘bite angle’ such as 

nitrate ligands is effective for large coordination number. The pseudo coordination 

geometry was categorized as monocapped-pentagonal-antiprism with C5v symmetry. 

Twelve-coordinate structures are known in lanthanide complexes with naphthyridine 

ligands[21], in which the coordination geometrical structure is categorized as distorted 

icosahedron (Figure 1-4b). 

 

 
Figure 1-4 Chemical, crystal, and coordination geometrical structures of lanthanide complexes 

with a) eleven-coordinate monocapped-pentagonal-antiprismatic and b) twelve-coordinate 

icosahedral structures. 

  



Chapter 1 

 7 

1.2 Luminescent lanthanide complexes 
1.2.1 4f-intraconfigurational transition of lanthanide ions 

 Luminescent lanthanide complexes have potential application such as 

biosensing,[22] anti-counterfeiting,[23] and lighting materials[24] owing to their narrow 

emission bandwidths and long emission lifetimes. The characteristic luminescence 

properties of lanthanide complexes are due to 4f-intraconfigurational transitions. Since 

the inner 4f-orbital is shielded by outer 5s25p6 subshells, vibronic coupling is small and 

the ground and excited state potential energy curves are located with minima at almost 

the same ligand-metal internuclear distance, resulting in narrow transition bandwidth 

with negligibly small Stokes shift (Figure 1-5). 

 

 

Figure 1-5 Comparison of potential energy curves of ground and excited states for a) lanthanide 

ions and b) organic molecules. 
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 Electric dipole transitions between 4f-orbitals are Laporte forbidden transition. 

The electric dipole transitions occur between states of configurations with opposite 

parity. Orbital parity is represented by [(-1)l]N, where l is orbital angular momentum 

quantum number, N is the number of electron, and the values of -1 and +1 are odd and 

even parities, respectively (e.g. 4f6 for EuIII: l = 2, N = 6, even parity). Since standard 

form of emission lifetime (τobs) comprises radiative rate constant (kr) and non-radiative 

relaxation rate constant (knr) as shown in the following equation (1-1). 

	 	 	 (1-1) 

The forbidden transition between 4f-orbitals provides relatively small kr, resulting in long 

emission lifetime. 

 The 4fN state of lanthanide ions is often described under the Russel-Saunders 

scheme by the J-multiplets 2S+1LJ, where S, L, and J denote the electron spin, orbital, 

and total angular momenta, respectively. The values of L = 0, 1, 2, 3, 4, 5, 6, 7... are 

designated by the letters S, P, D, F, G, H, I, K..., for example, the lowest multiplet for EuIII 

is 7FJ (J = 0-6) with J = 0 the ground state. Partial energy diagram for EuIII, GdIII, and TbIII 

aqueous ions is shown in Figure 1-6.[25] Representative emitting levels (or resonance 

levels) of EuIII, GdIII, and TbIII correspond to 5D0, 6P7/2, and 5D4, respectively. The 

transition energy gaps for 5D0→7F2, 6P7/2→8S7/2, and 5D4→7F5 are ca. 16,400 cm-1 (red), 

32,200 cm-1 (ultraviolet), and 18,350 cm-1 (green), respectively.  

 

�obs =
1

kr +knr
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Figure 1-6 Partial energy diagram for EuIII, GdIII, and TbIII aqueous ions. 

 

1.2.2 Photophysical properties of lanthanide complexes 

 One of the most valuable features of lanthanide complex is an antenna effect. 

Absorption coefficient of 4f-4f transitions is small (ε < 101 M-1 cm-1)[26] because of the 

forbidden transition. Energy transfer from an organic ligand to a lanthanide ion 

(photosensitized energy transfer: PSEnT) is useful for excitation of lanthanide ion, 

called “antenna effect”. Weissman discovered that excitation of an organic ligand in a 

lanthanide complex produced metal-centered luminescence.[27] Commonly accepted 

mechanism of photophysical process including PSEnT is illustrated by Figure 1-7.[28] 

Upon irradiation, the organic ligand connected with lanthanide ion is excited to the 

lowest excited singlet state (S1). Internal conversion (IC) from higher excited singlet 
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state (Sn) also provides S1. The S1 can be deactivated radiatively (fluorescence) and 

non-radiatively to the ground state (S0), and can undergo intersystem crossing (ISC) 

from S1 to excited triplet state (T1). The T1 can be deactivated radiatively 

(phosphorescence) and non-radiatively to S0 by the spin-forbidden transition. 

Alternatively, PSEnT from T1 generates the metal-centered excited state of the 

lanthanide ion, resulting in intense 4f-4f emission. Note that the PSEnT in lanthanide 

complexes gives rise to large ‘pseudo’ Stokes shift (antenna-generated shift or 

Richardson shift).  

 
Figure 1-7 Schematic drawing and energy diagram of photosensitized energy transfer process 

in a lanthanide complex.  
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 Total emission quantum yield (Φtot) upon excitation of the ligands is defined by 

the product of efficiency of overall sensitization process (ηsens) and intrinsic 4f-4f 

quantum yield (Φff), given by equation (1-2). 

,	 	 	 (1-2) 

The ηsens is composed of quantum yields for ISC (ΦISC) and PSEnT (ΦPSEnT), 

.	 	 	 (1-3) 

Since an intersystem crossing rate constant (kISC) in lanthanide complexes is generally 

larger than fluorescence and internal conversion rate constants from S1 to S0, which is 

due to the heavy atom effect of lanthanide ion. The large kISC results in sufficiently high 

ΦISC. For example, Quochi revealed that the time scale of kISC was ~10 ps and the 

efficiency of ISC was almost 100% by transient absorption and emission measurements 

of a lanthanide quinolinolate complex.[29] The ΦPSEnT is mainly affected by energy 

transfer rate constant[30] and triplet state lifetime of organic ligands. Investigation of the 

mechanism of PSEnT is still important research subject of luminescent lanthanide 

complexes.[31]  

The Φff is represented by equation (1-4). 

	 	 	 (1-4). 

Note that the Φff is dominated by kr and knr. Large kr and small knr are required for 

development of efficient luminophore. As mentioned above, 4f-4f transtion is Laporte 

forbidden. However, most of the lanthanide complexes show luminescence, and 

sometimes the emission intensity is relatively large. According to Judd-Ofelt theory that 

Φtot =�sens�ff

�sens =�ISC�PSEnT

Φff =
kr

kr +knr
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is the most famous theory in the field of lanthanide chemistry, admixture of states with 

opposite parity into the 4f wavefunctions is required for inducing electric dipole 4f-4f 

transition.[32] Admixing the opposite parity state φnl into the 4f wavefunction |fNJMJ > via 

an opposite parity crystal field provides a new wavefunction |B> as shown in the 

equation (1-5). 

.	 	 	 (1-5) 

Here, E(fNJMJ)-E(φnl) is the energy difference between 4f state and the perturbing 

opposite parity state and V is the crystal field interaction operator. In general, 4fN-15d1 

state admixes into 4fN states because its energy is the closest to the 4fN states. The 

energy level of 4fN-15d1 state is dependent on crystal and/or ligand fields. Strong ligand 

field and low-symmetrical crystal field are expected to provide large orbital splitting. 

 Hasegawa has proposed that low-symmetrical coordination geometry induces 

enhancement of 4f-4f transition probability, directly related to kr. According to the reports, 

the radiative rate constants of EuIII complexes with eight-coordinate 

trigonal-dodecahedral (D2d) and nine-coordinate monocapped-square-antiprimatic (C4v) 

structures are larger than those with eight-coordinate square-antiprismatic structure 

(D4d) that is the most typical geometrical structure.[33] Low-symmetrical coordination 

geometry is also expected to provide large radiative rate constant. 

 Non-radiative transition is mainly based on vibrational relaxation 

(multi-phonon relaxation), whose mechanism is often proposed on the basis of electric 

dipole-dipole interaction between a lanthanide ion and overtones of vibrational 

B =

f NJMJ + f NJMJ V ϕnl( ) ϕnl
ϕnl

∑

E f NJMJ( )−E ϕnl( )
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frequency in lattice or ligands.[34] The non-radiative rate constant is influenced by 

distance between donor (lanthanide ion) and acceptor (phonons of the surrounding 

vibrational species) as shown in equation (1-6).[35] 

,	 	 	 (1-6) 

where Rl is distance between donor and acceptor and P(Rl) is dipole-dipole 

non-radiative rate that is given by equation (1-7).[34] 

	 	 	 (1-7). 

Therefore, the non-radiative rate constant decreases when the distance between 

lanthanide ion and high-vibrational species is relatively large. Faulkner investigated the 

quenching effect of functional groups with high-vibrational oscillator (-OH, -NH, and 

-CH) and showed that the distance is a key factor in non-radiative transition.[36] 

Separating high-vibrational oscillators from lanthanide ion is expected to be effective for 

suppression of non-radiative transition. 

 

 

 

  

knr = P(Rl )
l=1

l=NA

∑

P(R) =
R0
R

⎡

⎣
⎢

⎤

⎦
⎥

6

kr
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1.3 Objectives 
 As mentioned above, lanthanide complexes have various coordination 

structures based on steric hindrance in coordination site. The coordination geometrical 

structures of lanthanide complexes influence the luminescence properties such as 

emission quantum yield, radiative rate constant, and non-radiative rate constant. 

Low-symmetrical coordinate structures are required for developing efficient emitter. 

 In this thesis, luminescence properties of seven-coordinate complexes, 

composed of lanthanide ion, tetramethylheptanedionate with steric t-Bu groups, and 

phosphine oxide ligand, were investigated. As a result, synthesized lanthanide 

complexes showed seven-coordinate structures. The author revealed 1) the 

low-symmetrical seven-coordinate structure is effective for enhancement of radiative 

rate constant, 2) LMCT perturbation influences the transition probability of 

4f-intraconfigurational transition rather than low-symmetrical coordination structure. In 

addition, the author successfully achieved development of thermosensing luminophore 

by utilizing the seven-coordinate structure and the LMCT band. 
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1.4 Content of this thesis 
 This thesis consists of five chapters. 

 In chapter 1, previous studies on lanthanide complexes focusing on 

coordination geometrical structures and luminescence properties are reviewed, and the 

purpose of this thesis is described. 

 In chapter 2, luminescence properties of seven-coordinate lanthanide 

complexes with a low-symmetrical structure (monocapped-octahedron) are reported.  

 In chapter 3, photophysical behaviors of seven-coordinate complexes with 

monocapped-octahedral, monocapped-trigonal-prismatic, and pentagonal-bipyramidal 

structures are revealed. The enhanced radiative rate constant of the complexes, caused 

by LMCT perturbation, is proposed. 

 On the basis of characteristic luminescence properties of the 

seven-coordinate complexes in chapter 2 and 3, thermosensing luminescence of 

dinuclear lanthanide complex with seven-coordinate structures is demonstrated in 

chapter 4. 

 Finally, in chapter 5, summary and outlook of these studies are described. 
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Chapter 2 
 

Low-symmetrical 
Seven-coordinate EuIII and TbIII 
Complexes with High Emission 
Quantum Yield of 4f-4f transitions 
 

Abstract 

Enhanced luminescence of low-symmetrical seven-coordinate lanthanide complexes is 

reported for the first time. The lanthanide (EuIII and TbIII) complexes are composed of a 

lanthanide ion, three tetramethylheptanedionate, and a triphenylphosphine oxide. As a 

result of structural analysis, the coordination geometry of the complexes was 

categorized as monocapped-octahedron. The seven-coordinate complexes showed 

large radiative rate constants and relatively small non-radiative rate constants based on 

low-symmetrical geometry and small vibrational quanta of carbonyl group. 

 

 

Based on 

Seven-Coordinate Luminophores: Brilliant Luminescence of Lanthanide 

Complexes with C3v Geometrical Structures 

K. Yanagisawa, T. Nakanishi, Y. Kitagawa, T. Seki, T. Akama, M. Kobayashi, T. 

Taketsugu, H. Ito, K. Fushimi, and Y. Hasegawa, Eur. J. Inorg. Chem. 2015, 4769-4774.  
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2.1 Introduction 

 Coordination geometrical structures of luminescent metal complexes 

dominate their photochemical and photophysical properties. In general, transition metal 

complexes show coordination numbers of four and six. On the other hand, lanthanide 

complexes have large coordination numbers (eight-to-twelve). Small coordination 

number (less than seven) in lanthanide complexes has been seldom reported because 

of the large ion radii and the presence of 4f orbitals in lanthanide complexes. Zuo 

studied seven-coordinate lanthanide porphyrinate and phthalocyanate with the tripodal 

phosphine oxide ligand for single-molecular magnets.[1] The seven-coordinate 

lanthanide porphyrinates have been often studied in terms of magnetic and 

luminescence properties.[2] Ahmed and Iftikhar predicted that low-symmetrical 

seven-coordinate lanthanide complexes have the potential to be strong luminescent 

materials.[3] Eliseeva reported dinuclear lanthanide complexes with β-diketonate and 

ancillary ligand with N coordination site.[4] Mononuclear complexes are suitable for  

investigation of the photophysical properties in detail. On the basis of such a 

background, mononuclear seven-coordinate lanthanide complex is expected to provide 

strong luminescence, and leads to further understanding and development of 

coordination chemistry. 

 A lanthanide complex with narrow emission bands and long emission lifetime 

based on 4f-intraconfigurational transition has been regarded as attractive luminescent 

materials for applications such as lasers, electroluminescent devices, and bioprobes.[5-7] 

Lanthanide complexes with low-symmetrical coordination structures exhibit large 
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radiative rate constant (kr) based on Judd-Ofelt theory.[8,9] Lanthanide complexes tend 

to form eight-coordinate square-anti-prismatic (8-SAP) structure that is categorized as 

D4d in the point-group theory (Figure 2-1a). Recently, Miyata synthesized 

lower-symmetrical lanthanide complexes with eight-coordinate trigonal-dodecahedral 

(8-TDH, D2d) and nine-coordinate monocapped-square-anti-prismatic (9-SAP, C4v) 

structures (Figure 2-1b and c).[10,11] The 8-TDH and 9-SAP structures induced enhanced 

kr in comparison with 8-SAP. Lower-symmetrical structures than 8-TDH and 9-SAP are 

required for development on more efficient luminescent materials. Seven-coordinate 

monocapped-octahedron (7-MCO, C3v) and monocapped-trigonal-prism (7-MCTP, C2v) 

are representative and low-symmetrical structures (Figure 2-1 d and e). A lanthanide 

complex with these seven-coordinate structures is expected to mark unprecedented kr. 

 

 
Figure 2-1 Ideal polyhedral structures of a) an eight- coordinate square antiprism, (b) an 

eight-coordinate trigonal do- decahedron, (c) a nine-coordinate monocapped square antiprism, 

(d) a seven-coordinate monocapped octahedron, and (e) a seven- coordinate monocapped 

trigonal prism.  
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 In this chapter, mononuclear luminescent lanthanide complexes (EuIII and 

TbIII) with characteristic seven-coordinate structure were synthesized. Three bidentate 

β-diketonate ligands with large steric hindrance, tetramethylheptanedionate (tmh), and 

a monodentate triphenylphosphine oxide (tppo) were introduced for construction of the 

seven-coordinate structure. The geometrical structures of the prepared lanthanide 

complexes were characterized by single-crystal X-ray analysis and shape-factor 

calculation. On the basis of the structural analysis, the seven-coordinate structure was 

categorized as C3v group. The emission properties were evaluated by the intrinsic 

emission quantum yields (Φff), emission lifetimes (τobs), kr, and knr (non-radiative rate 

constant). The seven-coordinate lanthanide complexes exhibited an extra-large kr. The 

values of knr were unexpectedly small although tBu groups in tmh ligand generally 

promote thermal relaxation because of the high vibrational frequency of C-H bonds.[12] 

The small knr value was illustrated by the spectral overlap between 4f–4f transitions of 

lanthanide ions and the harmonic overtones of vibrational frequencies of carbonyl 

double bond in tmh ligands.  
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2.2 Experimental section 

 

Materials 

 Europium chloride hexahydrate (99.9%), terbium chloride pentahydrate 

(99.9%), and gadolinium chloride hexahydrate (99.9%) were purchased from Kanto 

Chemical Co. Inc. The reagents 2,2,6,6-tetramethylheptane-3,5-dione (tmh) and 

triphenylphosphine oxide (tppo) were obtained from Tokyo Kasei Organic Chemicals. 

Europium acetate monohydrate (99.9%), terbium acetate pentahydrate (99.9%), and 

ammonia solution (28%) were purchased from Wako Pure Chemical Industries Ltd. All 

other chemicals and solvents were reagent grade and were used without further 

purification. 

 

Apparatus 

 Infrared spectra were recorded with a JASCO FTIR-420 spectrometer. 

Elemental analyses were performed with an Exeter Analytical CE440. Mass spectra 

were measured with a Thermo Scientific Exactive instrument. 

 

Preparation of [Ln(tmh)3(MeOH)2] (Ln = EuIII, TbIII, and GdIII) 

 Europium chloride hexahydrate (1.0 g, 2.7 mmol), terbium chloride 

pentahydrate (1.0 g, 2.4 mmol), or gadolinium chloride hexahydrate (1.0 g, 2.7 mmol) 

was dissolved in distilled water (5 mL) in a 100 mL flask. A solution of tmh (1.46 g, 8.1 

mmol for EuIII and GdIII complexes or 1.32 g, 7.2 mmol for TbIII complex) was added to 
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the solution with ethanol (20 mL). Ammonia solution was added dropwise to the solution 

until pH 7. After stirring for 3 h at room temperature, the reaction mixture was 

reprecipitated by cold water. The produced precipitation, [Ln2(tmh)6][13] was filtered, and 

resulting powder was recrystallized from methanol to afford colorless block crystals 

(Figure 2-2) of the titled compound. 

[Eu(tmh)3(MeOH)2]: Yield 2.07 g (99%); IR (ATR) =2860-2960 (m, C-H), 1570 (s, 

C=O) cm-1. 

[Tb(tmh)3(MeOH)2]: Yield 2.06 g (99%); IR (ATR) =2860-2960 (m, C-H), 1570 (s, 

C=O) cm-1. 

[Gd(tmh)3(MeOH)2]: Yield 2.04 g (98%); IR (ATR) =2860-2960 (m, C-H), 1570 (s, 

C=O) cm-1. 

These precursor complexes were used in the next step without further 

characterization.  

 

 
Figure 2-2 ORTEP drawing of [Eu(thm)3(MeOH)2].  

!ν

!ν

!ν
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Preparation of [Ln(tmh)3(tppo)] (Ln = EuIII, TbIII, and GdIII) 

 Triphenyl phosphine oxide (0.4 g, 1.4 mmol) and [Ln(tmh)3(MeOH)2] (1.0 g, 

1.4 mmol) were dissolved in methanol (30 mL). The solution was heated at reflux while 

stirring for 12 h. The reaction mixture was recrystallized in methanol. Recrystallization 

gave colorless rod-shaped crystals of the lanthanide complexes.  

[Eu(tmh)3(tppo)]: Yield 1.1 g (84%); IR (KBr) : = 1573 (s, C=O), 1138 cm-1 (s, P=O); 

ESI-MS: m/z: calcd for C51H72EuO7P [M+H]+: 981.42; found: 981.41; elemental analysis 

calcd (%) for C51H72EuO7P: C 62.50, H 7.41; found: C 62.56, H 7.32. 

[Tb(tmh)3(tppo)]: Yield 1.2 g (88%); IR (KBr) : = 1570 (s, C=O), 1140 cm-1 (s, P=O); 

ESI-MS: m/z: calcd for C51H72O7PTb [M+H]+: 987.42; found: 987.43; calcd (%) for 

C51H72O7PTb: C 62.06, H 6.35; found: C 62.11, H 7.31. 

[Gd(tmh)3(tppo)]: Yield 1.2 g (88%); IR (KBr) : = 1570 (s, C=O), 1140 cm-1 (s, P=O). 

 

 

Scheme 2-1 Preparation of [Ln(tmh)3(tppo)], (LnIII =EuIII, GdIII, and TbIII) 

!ν

!ν

!ν
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Preparation of [Ln(hfa)3(tppo)2] (Ln = EuIII and TbIII) 

 Typical eight-coordinate lanthanide complexes were also synthesized for 

comparison of photophysical properties related to coordination geometrical structures. 

The complexes were composed of a lanthanide ion (EuIII, TbIII), 

hexafluoroacetylacetonate ligands (hfa), and tppo, described as [Ln(hfa)3(tppo)2]. The 

complexes were prepared by the same procedure as a previous report[9]. Methanol (100 

mL) containing [Ln(hfa)3(H2O)2] (4.28 g, 6 mmol) and tppo (2.78 g, 10 mmol) was 

refluxed under stirring for 12 h. Recrystallization from methanol gave colorless block 

crystals of titled compound. 

 

Crystallography 

 Single-crystals of the lanthanide complexes were mounted on micromesh 

(MiTeGen M3-L19-25L) using paraffin oil. All measurements were carried out using a 

Rigaku R-AXIS RAPID imaging plate area detector with graphite monochromated MoKα 

radiation. Non-hydrogen atoms were refined anisotropically. All calculations were 

performed using a crystal-structure crystallographic software package. The quality of 

CIF data was validated by using the checkCIF/PLATON service. The CIF data can be 

obtained from The Cambridge Crystallographic Data Centre, CCDC-1400251, 

CCDC-1400286, and CCDC-1574977 for [Eu(tmh)3(tppo)], [Tb(tmh)3(tppo)], and 

[Gd(tmh)3(tppo)], respectively. 
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Optical measurements 

 Emission and excitation spectra of the synthesized complexes were 

measured with a spectrofluorometer (HORIBA Fluorolog-3). Emission quantum yields 

were obtained using a spectrofluorometer (JASCO FP-6600) equipped with an 

integrating sphere unit (JASCO ILF-533). The wavelength dependency of the detector 

response and the beam intensity of the Xe light source for each spectrum were 

calibrated using a standard light source. Emission lifetimes were measured using the 

third harmonics (355 nm) of a Q-switched Nd:YAG laser (Spectra-Physics, INDI-50, 

fwhm = 5 ns, λ = 1064 nm) and a photomultiplier (Hamamatsu Photonics, R5108, 

response time ≤ 1.1 ns). The Nd:YAG laser response was monitored with a digital 

oscilloscope (Sony Tektonix, TDS3052, 500 MHz) synchronized to single-pulse 

excitation. Emission lifetimes were determined from the slopes of logarithmic plots of 

decay profiles. Emission lifetimes and emission spectra in the range of 100-400 K were 

measured using a cryostat (Thermal Block Company, SA-SB245T) and a temperature 

controller (Oxford Instruments, ITC 502S). Diffuse reflection spectra were obtained 

using a JASCO V-670 spectrophotometer with an ISN-723 integrating sphere unit. 

 

Computational details 

 All calculations were performed with the Gaussian 09 program.[14] The 

structure of the seven- and eight-coordinate EuIII complexes, [Eu(tmh)3(tppo)] and 

[Eu(hfa)3(tppo)2], were optimized in the gas phase at the B3LYP-D3[15,16] level with the 

Stuttgart RECP[17] and cc-pVDZ[18] basis sets for Eu and the other atoms, respectively. 
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The normal mode analysis of each molecule at the optimized structure was executed at 

the same level to obtain vibrational frequencies and IR intensities. The vibrational 

frequencies were corrected with the scaling factor of 0.9614, which was reported as 

optimal value for the B3LYP functional. [19] 
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2.3 Results and discussion 

2.3.1 Structural analyses 

Single crystals of synthesized complexes were prepared by recrystallization 

from methanol solution at room temperature. The crystallographic data obtained from 

single crystal X-ray analyses were summarized in Table1. The ORTEP views of 

[Eu(tmh)3(tppo)] and [Tb(tmh)3(tppo)] show seven-coodinate structures composed of 

a lanthanide ion, three tmh ligands, and a triphenylphosphine oxide ligand (Figure 2-3). 

The average bond length between Eu and O atoms for [Eu(tmh)3(tppo)] (2.34 Å) is 

shorter than that for [Eu(hfa)3(tppo)2] (2.42 Å). The average length of carbonyl double 

bond in [Eu(tmh)3(tppo)] (1.27 Å) is longer than that in [Eu(hfa)3(tppo)2] (1.25 Å). The 

relatively loose C=O bonds in a tmh ligand would be caused by an electron-donating 

effect of the tBu group. [Eu(tmh)3(tppo)] has intra- and intermolecular CH-π interaction 

as well as intermolecular π-π interaction as shown in Figure 2-4. 

 
Figure 2-3 ORTEP drawings of a) [Eu(tmh)3(tppo)] and b) [Tb(tmh)3(tppo)]. Hydrogen atoms 

were omitted for clarity. Thermal ellipsoids are shown at the 50% probability level.  
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Table 2-1 Crystallographic data of the lanthanide complexes. 

 
[Eu(tmh)3(tppo)] [Tb(tmh)3(tppo)] [Gd(tmh)3(tppo)] 

chemical formula 

formula weight 

crystal system 

space group 

hall group 

a [Å] 

b [Å] 

c [Å]    

β [º] 

V [Å3] 

Z 

dcalcd [g cm-1] 

T [K] 

μ (MoKα) [mm-1] 

measured reflections 

unique reflections 

absorption correction 

R1 [a] 

wR2 [b] 

C51H72EuO7P 

980.03 

monoclinic 

P 21/n 

-P 2yn 

11.2758(4) 

21.6929(8) 

21.9631(8) 

105.1962(12) 

5,184.4(3) 

4 

1.256 

123 

1.286 

41,238 

11,837 

multi-scan 

0.0383 

0.1556 

C51H72O7PTb 

986.99 

monoclinic 

P 21/c 

-P 2ybc 

11.2720(4) 

21.6146(8) 

21.8751(8) 

104.4840(19) 

5,160.3(3) 

4 

1.266 

123 

1.444 

33,152 

11,786 

multi-scan 

0.0376 

0.0741 

C51H72GdO7P 

985.31 

monoclinic 

P 21/n 

-P 2yn 

11.5172(4) 

21.6477(7) 

22.2282(7) 

105.126(7) 

5,349.9(4) 

4 

1.223 

298 

1.314 

63,848 

12,206 

numerical 

0.0364 

0.0968 

  [a] R1 = Σ||F0|—|Fc|| / Σ|F0|. [b] wR2 = [(Σw(|F0|—|Fc|)2 / ΣwF02)]1/2. 
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Figure 2-4 Inter and intramolecular interaction in [Eu(tmh)3(tppo)]. 

 

On the basis of single-crystal X-ray analyses, the coordination geometry was 

calculated using the shape factor (S) to estimate the degree of distortion of the 

coordination structures. [20] The S value is defined by the following equation (2-1). 

𝑆 = min&'
1
𝑚
*+(𝛿. − 𝜃.)2
3

.45

. 	 	 	 (2 − 1) 

Here, m is the number of possible edges (m = 15 in seven-coordinate polyhedra[21]), δi is 

the observed dihedral angle between planes along the ith edge, and θi is the ideal 

dihedral angle along the ith edge in the precise polyhedral structure. The calculated S 
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values of the [Eu(tmh)3(tppo)] and [Tb(tmh)3(tppo)] were summarized in Tables 2-2 

and 2-3, respectively. The S value of [Eu(tmh)3(tppo)] for 7-MCO (S7-MCO=7.6) was 

smaller than that for 7-MCTP (S7-MCTP =13.8), suggesting that the coordination geometry 

is closer to 7-MCO than to 7-MCTP. From the shape measurements, the coordination 

geometrical structure of [Eu(tmh)3(tppo)] was determined as distorted 7-MCO. 

[Tb(tmh)3(tppo)] was also estimated to be distorted 7-MCO by the same calculation. 

The low-symmetrical C3v geometry of 7-MCO is expected to provide a larger kr than the 

previous eight-coordinate structures.  
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Table 2-2 Calculated shape factor for [Eu(tmh)3(tppo)]. 

[Eu(tmh)3(tppo)] 7-MCTP (C2v)   7-MCO (C3v) 

edge δi θi δi — θi θi δi — θi 

O4-O7 

O4-O5 

O4-O3 

O4-O6 

O7-O5 

O5-O3 

O3-O6 

O6-O7 

O7-O1 

O6-O1 

O5-O2 

O3-O2 

O5-O1 

O3-O1 

O1-O2 

54.54 

77.87 

74.09 

58.91 

72.69 

12.59 

80.12 

55.85 

78.86 

75.98 

89.07 

82.84 

17.58 

12.25 

86.45 

56 

69 

69 

56 

69 

24 

69 

56 

69 

69 

93 

93 

24 

24 

93 

11.46 

11.87 

8.09 

7.09 

5.69 

28.91 

13.12 

14.35 

11.14 

14.02 

0.93 

7.16 

17.58 

12.25 

19.95 

66 

66 

66 

66 

67 

41.5 

67 

41.5 

90 

90 

90 

90 

0 

0 

106.4 

1.46 

8.87 

5.09 

2.91 

3.69 

11.41 

11.12 

0.15 

9.86 

6.98 

3.93 

10.16 

6.42 

11.75 

6.55 

  S (C2v) = 13.81    S (C3v) = 7.61 
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Table 2-3 Calculated shape factor for [Tb(tmh)3(tppo)]. 

[Tb(tmh)3(tppo)] 7-MCTP (C2v) 7-MCO (C3v) 

edge δi θi δi — θi θi δi — θi 

O7-O2 55.48 66 -10.52 56 -0.52 

O7-O5 89.73 66 23.73 69 20.73 

O7-O4 74.16 66 8.16 69 5.16 

O7-O1 58.07 66 -7.93 56 2.07 

O2-O5 72.6 67 5.6 69 3.6 

O5-O4 18.37 41.5 -23.13 24 -5.63 

O4-O1 80.01 67 13.01 69 11.01 

O1-O2 56 41.5 14.5 56 0 

O2-O3 78.88 90 -11.12 69 9.88 

O1-O3 76.53 90 -13.47 69 7.53 

O5-O6 88.58 90 -1.42 93 -4.42 

O4-O6 83.37 90 -6.63 93 -9.63 

O5-O3 17.64 0 17.64 24 -6.36 

O4-O3 11.03 0 11.03 24 -12.97 

O3-O6 85.49 106.4 -20.91 93 -7.51 

  S (C2v) = 14.07  S (C3v) = 8.79  
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2.3.2 Photophysical properties 

Luminescence behavior of the EuIII complexes 

 Figure 2-5 shows excitation and emission spectra of [Eu(tmh)3(tppo)] and 

[Eu(hfa)3(tppo)2] in the solid state. The excitation spectrum of [Eu(tmh)3(tppo)] shows 

only 4f-4f transitions (5L6 and 5D3-0←7F0,1), whereas that of [Eu(hfa)3(tppo)2] exhibits 

large excitation bands of organic ligands and 4f-4f transitions. The emission spectrum of 

[Eu(tmh)3(tppo)] is also critically different from that of [Eu(hfa)3(tppo)2] based on the  

transition intensity and Stark splitting. The intensity of 5D0→7F0 transition at 578 nm for 

[Eu(tmh)3(tppo)] is obviously large compared with that for [Eu(hfa)3(tppo)2]. The large 

0-0 transition intensity arises from J-mixing, which is resulted from a low-symmetrical 

crystal field of 7-MCO.[22] Emission band at around 615 nm (5D0→7F2) is called 

hypersensitive transition that is strongly dependent on the coordination geometry.[23] A 

ratio of spectral area for 5D0→7F2 to 5D0→7F1 transitions is related to kr of 4f-4f transition. 

The ratio for [Eu(tmh)3(tppo)] is 1.7 times larger than that for [Eu(hfa)3(tppo)2]. The 

large spectral integration for [Eu(tmh)3(tppo)] is also considered to be based on the 

low-symmetrical coordination geometry. Additionally, the wide Stark splitting for 

[Eu(tmh)3(tppo)] is the evidence of low-symmetrical crystal filed. For more detail of 

spectral information, see Figure 2-6 (emission spectrum of 5D0→7F0-2 for 

[Eu(tmh)3(tppo)] at 100 K).   
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Figure 2-5 a) Excitation and b) emission spectra of [Eu(tmh)3(tppo)] (red line) and 

[Eu(hfa)3(tppo)2] (black line) in the solid state. The excitation spectra were normalized with 

respect to the intensity of 5D2←7F0 transition for clarity. The emission spectra were normalized 

with respect to the spectral area of 5D0→7F1 magnetic dipole transition. 

 

 
Figure 2-6 emission spectrum of [Eu(tmh)3(tppo)] in the solid state at 100 K. The spectral 

intensity of 5D0→7F0,1 was magnified twenty times for clarity.  
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 Figure 2-7 shows emission decay profiles of the EuIII complexes excited at 

355 nm (Nd:YAG laser) in the solid state. The emission lifetime of [Eu(tmh)3(tppo)] is 

slightly shorter than that for [Eu(hfa)3(tppo)2]. The values of kr were calculated by the 

following equation (2-2).[24]  

𝑘9 =
1
𝜏9;<

= 𝐴>?,A𝑛C '
𝐼EFE
𝐼>?

*,			(2 − 2) 

where τrad is radiative emission lifetime, AMD,0 is the spontaneous emission probability 

for 5D0→7F1 transition in vacuo (14.65 s-1), n is refractive index (1.5 for solid state, which 

is an average value[25]), and (Itot/IMD) is the ratio of the total area of the corrected 

5D0→7FJ (J=0-4) transitions to the area of 5D0→7F1 band. The values of knr and Φff were 

estimated using the kr and τobs. The τobs, kr, knr, Φff, and the point group of coordination 

geometry were summarized in Table 2-4. [Eu(tmh)3(tppo)] exhibited high Φff owing to 

large kr and relatively small knr values. The Φff is as high as that of previously reported 

EuIII complexes with high emission quantum yield.[26] Therefore, the use of 

low-symmetrical seven-coordination is useful strategy to achieve high kr value. 

 
Figure 2-7 Emission decay curves of [Eu(tmh)3(tppo)] (red line) and [Eu(tmh)3(tppo)2] (black 

line) in the solid state.  
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Table 2-4 Photophysical properties of the EuIII complexes 

complex τobs [ms] kr[a] [s-1] knr[b] [s-1] Φff[c] [%] point group 

[Eu(tmh)3(tppo)] 0.76 1.0×103 2.6×102 80 C3v 

[Eu(hfa)3(tppo)2] 0.87 8.6×102 2.9×102 75 D4d 

[a] Radiative rate constants were calculated by the eq. (2-2). [b] Non-radiative rate constants, 

knr=1/τobs-1/τrad. [d] 4f-4f emission quantum yields, Φff=kr/(kr+knr). 

 

 [Eu(tmh)3(tppo)] exhibited the unexpected small knr value compared with 

[Eu(hfa)3(tppo)2], although the tBu groups on tmh ligands have high-vibrational C-H 

bonds (2,950 cm-1). The high-vibrational functional groups generally promote 

non-radiative transition from excited state of lanthanide complexes.[27] Hasegawa has 

proposed that introducing low-vibrational C-F bond (1,200 cm-1) instead of C-H bond 

suppresses the vibrational relaxation, for example in [Eu(hfa)3(tppo)2]. In order to 

investigate the effect of the vibrational frequency of organic ligands, the spectral overlap 

between the 4f-4f transition and vibrational harmonics were estimated by experimental 

and theoretical IR spectra. Pecoraro and co-workers reported that one of the important 

parameter for suppression of vibrational relaxation was the distance between the 

lanthanide ion and highly oscillating functional group.[28] Here, the carbonyl groups are 

focused on because the functional group is the closest to EuIII in the complex. The IR 

spectra of [Eu(tmh)3(tppo)] and [Eu(hfa)3(tppo)2] were shown in Figure 2-8. The 

vibrational frequency of C=O stretching for [Eu(tmh)3(tppo)] (1,573 cm-1) was smaller 

than that for [Eu(hfa)3(tppo)2] (1,654 cm-1).  
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Figure 2-8 IR spectra of [Eu(tmh)3(tppo)] (red line) and [Eu(hfa)3(tppo)2] (black line). 

 

 The vibrational frequencies of coordinate carbonyl groups in the EuIII 

complexes were also estimated from DFT calculations at the B3LYP-D3 level with 

Stuttgart RECP and cc-pVDZ basis sets for Eu and the other atoms, respectively. 

Calculated vibrational frequencies of carbonyl stretching for [Eu(tmh)3(tppo)] and 

[Eu(hfa)3(tppo)2] were 1,548-1,554 and 1,633 cm-1, respectively. The DFT calculations 

of the EuIII complexes support the experimental IR spectra. The vibrational relaxation 

probability is proportional to the Frank-Condon factor, that is overlap integrals between 

the energy gap of 4f-4f transitions and the vibrational harmonics of organic ligands. The 

Frank-Condon factor decreases with increasing vibrational quanta, ν, which is the 

harmonics number that matches the energy gap of the lanthanide ion.[29] The energy 
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gap of 5D0-7F6 of EuIII is 12,300 cm-1. The value of ν was estimated by using equation 

(2-3), which includes the anharmonic constant (xe=6.5×10-3):[30] 

∆𝐺
JK52

= 𝜈M 	− 	2(𝜈 + 1)𝑥P𝜈M +⋯ , 	 	 	 (2 − 3) 

where G and 𝜈M are the vibrational energy and vibrational frequency, respectively. The 

value of 𝜈 for [Eu(tmh)3(tppo)] and [Eu(hfa)3(tppo)2] were calculated to be 9 and 8, 

respectively (Figure 2-9). The Frank-Condon factor estimated for [Eu(hfa)3(tppo)2] is 

nine times larger than that for [Eu(tmh)3(tppo)]. From these calculations, it was 

concluded that the vibrational relaxation in [Eu(tmh)3(tppo)] is suppressed because of 

the small vibrational quanta of the carbonyl groups, resulting in a small knr constant. 

 

 
Figure 2-9 Schematic energy diagram of 4f-4f transition of EuIII and the vibrational harmonics 

overtones of the carbonyl groups in the tmh and hfa ligands.  
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Luminescence behavior of the TbIII complexes 

Excitation and Emission spectra of [Tb(tmh)3(tppo)] and [Tb(hfa)3(tppo)2] 

were shown in Figure 2-10. The excitation bands at around 350 nm are 

photosensitization of organic ligands, and ones at 380 and 485 nm are based on 4f-4f 

absorptions (5D3 and 5D4←7F6). The Stark splitting in emission spectrum of 

[Tb(tmh)3(tppo)] is clearly distinguishable from that of [Tb(hfa)3(tppo)2]. The change of 

spectral shape originates from the difference between seven- and eight- coordination 

structures. 

 

 

Figure 2-10 a) Excitation and b) emission spectra of [Tb(tmh)3(tppo)] (red) and 

[Tb(hfa)3(tppo)2] (black) in the solid state at room temperature.   
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The kr and Φff of the TbIII complexes were calculated under the assumption 

that the emission lifetimes at 77 K, τ77K (Figure 2-11) are the τrad without non-radiative 

deactivation as shown in the following equation (2-4).[25]  

𝜏STU
𝜏VV	W

=

1
𝑘X + 𝑘YX

1
𝑘X

= 𝛷[[	 	 	 (2 − 4) 

The photophysical properties of the TbIII complexes were summarized in Table 3. 

[Tb(tmh)3(tppo)] exhibited high Φff (88%), large kr (1.0×103 s-1), and small knr (1.5×102 

s-1). In general, a back-energy transfer (BEnT) from 5D4 configuration to T1 state 

suppresses the Φff of TbIII complexes. The BEnT is often observed when the energy gap 

between 5D4 and T1 levels are less than 1,850 cm-1.[31] Miyata reported that the energy 

gap of the emitting level and T1 of hfa ligand in [Tb(hfa)3(tppo)2] is 1,700 cm-1.[32] The 

low Φff of [Tb(hfa)3(tppo)2] results from the back energy transfer based on the small 

energy gap. 

 

 
Figure 2-11 Emission decay curves of a) [Tb(tmh)3(tppo)] and b) [Tb(hfa)3(tppo)2] in the solid 

state at 77 K (black line) and room temperature (red line).  
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Table 2-3 Photophysical properties of the TbIII complexes 

complex τobs [ms] kr[a] [s-1] knr [s-1] Φff[a] [%] point group 

[Tb(tmh)3(tppo)] 0.84 1.0×103 1.5×102 88 C3v 

[Tb(hfa)3(tppo)2] 0.12 1.0×103 7.3×103 12 D4d 

[a] Radiative rate constants and 4f-4f emission quantum yields were calculated by the equation 

(2-4).  

 

 The efficient Φff of [Tb(tmh)3(tppo)] is attributed to the large energy gap 

relating to back energy transfer. To determine the energy level of T1 of [Tb(tmh)3(tppo)], 

emission spectrum of [Gd(tmh)3(tppo)] at 100 K was measured (Figure 2-12). The 

broad emission with a peak at 390 nm (approximately 25,600 cm-1) would be 

phosphorescence of the organic ligands. Estimated energy gap between 5D4 and T1 (ΔE 

= 5,100 cm-1) was much larger than 1850 cm-1. The small knr of [Tb(tmh)3(tppo)] was 

achieved by suppression of back energy transfer, based on the small energy gap. 

 

 
Figure 2-12 Emission spectrum of [Gd(tmh)3(tppo)] at 100 K excited at 330 nm.  
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2.4 Conclusion 

 Seven-coordinate lanthanide complexes were successfully synthesized using 

tetramethylheptanedionate that has large steric hindrance based on tBu groups. The 

seven-coordinate structure is useful for comparison of photophysical properties with the 

previous eight-coordinate structure. The seven-coordinate lanthanide complexes 

exhibited notable large radiative rate constant owing to their low-symmetrical 

coordination geometry. The seven-coordinate EuIII complex showed smaller knr than 

eight-coordinate one. IR spectra revealed that the low-vibrational carbonyl group was 

useful for suppression of thermal relaxation. This study demonstrated that vibrational 

frequency of functional group, directly binding to lanthanide ion, was effective for 

vibrational relaxation. 
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Chapter 3 
 

Three Types of Seven-coordinate Structures 

and Enhanced Transition Probability 

Influenced by LMCT Perturbation 

 

Abstract 

Luminescent mononuclear seven-coordinate EuIII complexes, with 

monocapped-octahedral (7-MCO), monocapped-trigonal-primatic (7-MCTP), and 

pentagonal-bipyramidal (7-PBP) structures, are reported. Controlling steric hindrance 

by means of introducing methyl groups into the phosphine oxide ligands resulted in the 

formation of three types of the coordination structures. Radiative rate constant of the 

EuIII complex with 7-MCO was larger than that with 7-MCTP and 7-PBP. The 

photophysical properties are discussed with TD-DFT calculation and Arrhenius analysis 

related to perturbation of ligand-to-metal charge transfer into 4f-4f transition. 

 
 

 

 

Based on  

Enhanced Luminescence of Asymmetrical Seven-Coordinate EuIII Complexes 

Including LMCT Perturbation 

K. Yanagisawa, Y. Kitagawa, T. Nakanishi, T. Akama, M. Kobayashi, T. Seki, K. Fushimi, 

H. Ito, T. Taketsugu, and Y. Hasegawa, Eur. J. Inorg. Chem. 2017, 3843-3848. 
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3.1 Introduction 

 In Chapter 2, luminescence properties of lanthanide complexes with 

seven-coordinate monocapped-octahedral (7-MCO) structure were described. The EuIII 

complex with 7-MCO accordingly presented large kr than that with eight-coordinate 

square-anti-prismatic (8-SAP) structure. Representative seven-coordinate polyhedron 

includes not only 7-SAP but also monocapped-trigonal-prismatic (7-MCTP) and 

pentagonal-bipyramidal (7-PBP) structures as shown in Figure 3-1.[1] Investigation on 

photophysical properties of lanthanide complexes with 7-MCO, 7-MCTP, and 7-PBP are 

expected to provide a new aspect for development on highly emissive luminescent 

materials. 

 In this Chapter, three types of seven-coordinate EuIII complexes were 

successfully synthesized by controlling steric hindrance. The complex is composed of a 

EuIII, tmh ligands, and a phosphine oxide ligand. The geometrical structures were 

characterized by single-crystal X-ray diffraction and shape-factor calculation. Emission 

properties were evaluated using Φff, total emission quantum yield (Φtot), τobs, and kr.  

 
Figure 3-1 Seven-coordination geometrical structures of a) monocappd-octahedron, b) 

monocapped-trigonal-prism, and c) pentagonal-bipyramid.  
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 The low-symmetrical coordination geometry is expected to give rise to a large 

kr because of the deviation from centrosymmetric geometry.[2] Nevertheless, the kr value 

of the EuIII complex with 7-MCO (C3v) was larger than those with 7-MCTP (C2v) and 

7-PBP(D5h). According to the previous report for perturbation of charge-transfer state 

into 4f configuration, the oscillator strength of 4f-4f transitions is related to the energy 

level and dipole strength of the charge-transfer.[3] Recently, Hatanaka also reported that 

the hypersensitive transition probability of a lanthanide complex was theoretically 

influenced by ligand-to-metal charge-transfer (LMCT) state.[4] Here, the LMCT 

perturbation is applied to discussion on enhancement of kr. The LMCT states were 

evaluated using diffuse reflection measurement, TD-DFT calculation, and Arrhenius 

analysis of emission lifetime. The effect on LMCT perturbation in the EuIII complexes 

with 7-MCO, 7-MCTP, and 7-PBP is demonstrated for the first time. 

 

3.2 Experimental section 

Materials 

 Europium chloride hexahydrate (99.9%), terbium chloride pentahydrate 

(99.9%), and gadolinium chloride hexahydrate (99.9%) were purchased from Kanto 

Chemical Co. Inc. The reagents, 2,2,6,6-tetramethylheptane-3,5-dione (tmh), 

diphenyl(p-tolyl)phosphine, tri-p-tolylphosphine, and tri-m-tolylphosphine, were obtained 

from Tokyo Kasei Organic Chemicals. Ammonia (28%) and H2O2 (30%) aqueous 

solution were purchased from Wako Pure Chemical Industries Ltd. All other chemicals 

and solvents were reagent grade and were used without further purification. 
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Apparatus 

 Elemental analyses were performed with an Exeter Analytical CE440. IR 

spectra were measured using a JASCO FT/IR-4600 spectrometer. 1H NMR (270 and 

400 MHz) were recorded with JEOL EX270 and ECS400 spectrometers, Chemical 

shifts were reported in a unit of ppm and were referenced to an internal 

tetramethylsilane (TMS) standard. TG-DTA measurements were carried out with a 

Seiko Instruments Inc. EXSTAR 6000 (TG-DTA 6300) in a nitrogen atmosphere at a 

heating rate of 1ºC min-1. 

 

Syntheses of Diphenyl(p-tolyl)phosphine oxide (L-1), tri-p-tolylphosphine oxide 

(L-2), and tri-m-tolylphosphine oxide (L-3) 

 Diphenyl(p-tolyl)phosphine (1.93 g, 7.0 mmol), tri-p-tolylphosphine (2.13 g, 

7.0 mmol), or tri-m-tolylphosphine (2.13 g, 7.0 mmol) was dissolved with 

dichloromethane (30 mL) in a 100 mL flask. The solution was cooled using an ice bath 

and then H2O2 solution (5 mL) was added dropwise to it. The reaction mixture was 

stirred for 3 h. The product was extracted with dichloromethane, and the solvent was 

evaporated to afford white solids titled [diphenyl(p-tolyl)phosphine oxide: L-1, 

tri-p-tolylphosphine oxide: L-2, and tri-m-tolylphosphine oxide: L-3]. 

L-1: Yield 1.99 g (97%). 1H NMR (270 MHz, CDCl3, 25℃) δ 7.25-7.70 (m, 14H), 2.41 (s, 

3H) ppm.[5] 

L-2: Yield 2.19 g (97%). 1H NMR (270 MHz, CDCl3, 25℃) δ 7.50–7.57 (m, 6 H), 7.23–

7.26 (m, 6 H), 2.40 (s, 9 H) ppm.[5] 
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L-3: Yield 2.18 g (97%). 1H NMR (400 MHz, CDCl3, 25℃) δ 7.54-7.57 (d, 3H), 7.28-7.39 

(m, 9H), 2.35 (s, 9H) ppm. 

 

Scheme 3-1 synthesis of phosphine oxide ligands. 

 

Preparation of [Eu(tmh)3L-1]: Eu-1, [Eu(tmh)3L-2]: Eu-2, and [Eu(tmh)3L-3]: Eu-3 

The precursor complex [Eu(tmh)3(MeOH)2] (1.0 g, 1.4 mmol) with L-1 (0.41 g, 

1.4 mmol), L-2 (0.45 g, 1.4 mmol), or L-3 (0.45 g, 1.4 mmol) were dissolved with 

methanol (30 mL) in a 100 mL flask. The solution was heated under reflux while stirring 

for 6 h. The reaction mixture was recrystallized in methanol to afford colorless crystals 

of titled compounds {[Eu(tmh)3L-1]: Eu-1, [Eu(tmh)3L-2]: Eu-2, and [Eu(tmh)3L-3]: 

Eu-3}. 

Eu-1: Yield 1.1 g (79 %). IR (ATR):  = 2861–2955 (m, C–H), 1570 (s, C=O), 1173 (s, 

P=O) cm–1. C52H74EuO7P (994.09): calcd. C 62.83, H 7.50; found C 62.66, H 7.31.  

Eu-2: Yield 1.3 g (91 %). IR (ATR):  = 2860–2960 (m, C–H), 1572 (s, C=O), 1176 (s, 

P=O) cm–1. C54H78EuO7P (1022.14): calcd. C 63.45, H 7.69; found C 63.14, H 7.69. 

Eu-3: Yield 1.3 g (91 %). IR (ATR):  = 2860–2950 (m, C-H), 1572 (s, C=O), 1171(s, 

P=O) cm–1. C54H78EuO7P (1022.14): calcd. C 63.45, H 7.69; found C 63.01, H 7.61.  

!ν

!ν

!ν
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Scheme 3-2 Preparations of Eu-1, Eu-2, and Eu-3. 

 

TbIII complexes {[Tb(tmh)3L-1]: Tb-1, [Tb(tmh)3L-2]: Tb-2, [Tb(tmh)3L-3]: 

Tb-3} were also synthesized by the same method as described above.  

Tb-1: IR (ATR):  = 2860–2950 (m, C-H), 1573 (s, C=O), 1174 (s, P=O) cm–1. 

C52H74O7PTb (1001.05): calcd. C 62.39, H 7.45; found C 62.52, H 7.26.  

Tb-2: IR (ATR):  = 2860–2960 (m, C-H), 1573 (s, C=O), 1178 (s, P= O) cm–1. 

C54H78O7PTb (1029.11): calcd. C 63.02, H 7.64; found C 62.68, H7.31.  

Tb-3: IR (ATR):  = 2860–2950 (m, C-H),1573 (s, C=O), 1173 (s, P=O) cm–1. 

C54H78O7PTb (1029.11): calcd. C 63.02, H 7.64; found C 62.67, H 7.27.  

 

Crystallography 

 Single crystals of the lanthanide complexes were mounted on micromesh 

(MiTeGen M3-L19–25L) using paraffin oil. All measurements were carried out using a 

Rigaku R-AXIS RAPID imaging-platearea detector with graphite monochromated 

Mo-Kα radiation. Non-hydrogen atoms were refined anisotropically. All calculations 

were performed using a crystal-structure crystallographic software package. The quality 

of the CIF data was validated by using the checkCIF/PLATON service.  

!ν

!ν

!ν
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CCDC 1507470, 1507471, 1507472, 1515208, 1515209, 1515210, and 1520661 (for 

Eu-1, Eu-2, Eu-3, Tb-1, Tb-2, Tb-3, and [Gd(tmh)3(MeOH)2]). 

 

Optical measurements 

 Emission and excitation spectra of the synthesized complexes were 

measured with a spectrofluorometer (HORIBA Fluorolog-3). Emission quantum yields 

were obtained using a spectrofluorometer (JASCO FP-6600) equipped with an 

integrating-sphere unit (JASCO ILF-533). The wavelength dependency of the detector 

response and the beam intensity of the Xe light source for each spectrum were 

calibrated using a standard light source. Emission lifetimes were measured using the 

third harmonics (355 nm) of a Q-switched Nd:YAG laser (Spectra-Physics, INDI-50, 

fwhm = 5 ns, λ = 1064 nm) and a photomultiplier (Hamamatsu Photonics, R5108, 

response time ≤ 1.1 ns). The Nd:YAG laser response was monitored with a digital 

oscilloscope (Sony Tektonix, TDS3052, 500 MHz) synchronized to single-pulse 

excitation. Emission lifetimes were determined from the slopes of logarithmic plots of 

the decay profiles. Emission lifetimes and emission spectra in the range of 100–400 K 

were measured using a cryostat (Thermal Block Company, SA-SB245T) and a 

temperature controller (Oxford Instruments, ITC 502S). Diffuse reflection spectra were 

obtained using a spectrophotometer (JASCO V-670) with an integrating-sphere unit 

(JASCO ISN-723).  
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Computational details 

 All calculations were performed with the Gaussian 09 program. The structures 

of the three types of the seven-coordinate EuIII complexes were optimized in the gas 

phase at the B3LYP-D3 level. Excited state calculations of these complexes in their 

optimized structures were performed by TD-DFT calculations with the LC-BLYP 

functional.[6-8] The Stuttgart RECP and cc-pVDZ basis sets for Eu and the other atoms, 

respectively, were adopted for all calculations. The assignments of the molecular 

orbitals were performed by the AOMix program.[9]   
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3.3 Results and Discussion 

3.3.1 Structural analyses 

Single crystals of the lanthanide complexes were prepared by recrystallization 

from methanol at room temperature. The crystallographic data for the EuIII complexes 

and the other complexes were summarized in Tables 3-1 and 3-2, respectively. ORTEP 

views of the EuIII complexes exhibit seven-coordinate structures, with each comprised 

of one EuIII, three tmh ligands, and one phosphine oxide ligand (Figure 3-2). The 

average bond lengths of Eu-O (β-diketonate) for Eu-1, Eu-2, and Eu-3 were 2.33, 2.33, 

and 2.34 Å, respectively. These bond lengths are close to the distance between Eu and 

O (phosphine oxide) atoms for Eu-1 (2.34 Å), Eu-2 (2.34 Å), and Eu-3 (2.32 Å). Figure 

3-3 shows inter- and intramolecular interactions in the complexes. Several CH-π 

interactions were clearly observed in Eu-1, while Eu-2 and Eu-3 showed weak 

interactions where the distance between H atom and barycenter of π orbiral is longer 

than 3 Å. 

 

 

Figure 3-2 ORTEP drawings of a) Eu-1, b) Eu-2, and c) Eu-3. Hydrogen atoms were omitted for 

clarity. Thermal ellipsoids are shown at the 50% probability level.  
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Table 3-1 Crystallographic data of the EuIII complexes. 

 Eu-1 Eu-2 Eu-3 

chemical formula 

formula weight 

crystal system 

space group 

hall group 

a [Å] 

b [Å] 

c [Å] 

β [º] 

V [Å3] 

Z 

dcalcd [g cm-1] 

T [K] 

μ (MoKα) [mm-1] 

measured reflection 

unique reflection 

absorption correction 

R1[a] 

wR2[b] 

C52H74EuO7P 

994.44 

monoclinic 

P 21/n 

-P 2yn 

11.2648 (10) 

21.922 (2) 

21.090 (2) 

104.8796 (17) 

5271.8 (8) 

4 

1.252 

123 

1.266 

50489 

12107 

numerical 

0.0572 

0.1346 

C54H78EuO7P 

1022.47 

orthorhombic 

P 212121 

P 2ab 2ac 

16.6636 (3) 

17.9698 (3) 

18.5330(3) 

— 

5549.55 (16) 

4 

1.223 

123 

1.204 

73005 

12685 

multi-scan 

0.0245 

0.1146 

C54H78EuO7P 

1022.47 

monoclinic 

P 21/n 

-P 2yn 

13.5503 (3) 

24.5056 (6) 

16.7914 (4) 

99.7464 (7) 

5495.3 (2) 

4 

1.235 

123 

1.216 

65353 

12586 

multi-scan 

0.0362 

0.1024 

[a] R1 = Σ||F0|—|Fc|| / Σ|F0|. [b] wR2 = [(Σw(|F0|—|Fc|)2 / ΣwF02)]1/2. 

  



Chapter 3 

 60 

Table 3-2 Crystallographic data of the TbIII complexes and [Gd(tmh)3(MeOH)2]. 

 Tb-1 Tb-2 Tb-3 [Gd(tmh)3(MeOH)2] 

chemical formula 

formula weight 

crystal system 

space group 

hall group 

a [Å] 

b [Å] 

c [Å] 

α [º] 

β [º] 

γ [º] 

V [Å3] 

Z 

dcalcd [g cm-1] 

T [K] 

μ (MoKα) [mm-1] 

measured reflection 

unique reflection 

absorption correction 

R1[a] 

wR2[b] 

C52H74O7PTb 

1001.01 

monoclinic 

P 21/c 

-P 2ybc 

22.0323 (5) 

19.8792 (4) 

25.0891 (6) 

— 

103.7530 (7) 

— 

10673.6 (4) 

8 

1.246 

123 

1.400 

60481 

24376 

numerical 

0.0523 

0.1375 

C54H78O7PTb 

1029.06 

monoclinic 

P 21/c 

-P 2ybc 

19.6209 (6) 

14.2130 (5) 

20.1997 (7) 

— 

99.5540 (10) 

— 

5526.7 (3) 

4 

1.233 

123 

1.354 

35694 

12386 

multi-scan 

0.0441 

0.1260 

C54H78O7PTb 

1029.06 

monoclinic 

P 21/n 

-P 2yn 

13.5152 (4) 

24.5081 (5) 

16.7716 (4) 

— 

99.7699 (8) 

— 

5474.8 (2) 

4 

1.248 

123 

1.367 

60704 

12416 

multi-scan 

0.0398 

0.1074 

C35H65GdO8 

796.10 

triclinic 

P -1 

-P 1 

10.6743(7) 

13.7076(7) 

15.9824(8) 

64.7233(16) 

72.4259(19) 

77.8334(19) 

2006.8(2) 

2 

1.273 

123 

1.694 

173370 

8984 

numerical 

0.0378 

0.1026 

[a] R1 = Σ||F0|—|Fc|| / Σ|F0|. [b] wR2 = [(Σw(|F0|—|Fc|)2 / ΣwF02)]1/2. 
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Figure 3-3 Inter- and intramolecular interaction for a) Eu-1, b) Eu-2, c) Eu-3. 

 

On the basis of the single-crystal X-ray diffraction, coordination geometrical 

structures around EuIII were estimated using shape-factor calculation. The calculated S 

values (Tables 3-3—3-5) indicated that the pseudo-coordination geometrical structures 

for Eu-1, Eu-2, and Eu-3 were 7-MCO, 7-MCTP, and 7-PBP, respectively. The steric 

hindrance of methyl group in phosphine oxide ligands influences formation of the three 

types of polyhedral structures in the EuIII complexes. The flexible change of the 

coordination structures occurs from small activation energy for geometrical 
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transformation among the three types of seven-coordinate polyhedra.[1] The 

decomposition temperature of the EuIII complexes was approximately 200℃ (Figure 

3-4). All the EuIII complexes were sublimed at around 300℃, which is typical 

phenomenon in Eu-tmh systems.[10,11] 

 

 

Figure 3-4 TG-DTA thermograms for Eu-1 (black line), Eu-2 (blue line), and Eu-3 (red line). 
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Table 3-3 Observed dihedral angles (δi), ideal dihedral angles (θi), and shape factor S for Eu-1. 

 7-MCO (C3v)   7-MCTP (C2v)  7-PBP (D5h) 

edge δi θi δi — θi θi δi — θi θi δi — θi 

O6-O7 

O6-O3 

O6-O2 

O6-O4 

O7-O3 

O3-O2 

O2-O4 

O4-O7 

O1-O7 

O1-O4 

O5-O3 

O5-O2 

O1-O3 

O1-O2 

O1-O5 

56.30 

80.46 

74.84 

51.22 

75.01 

14.40 

77.25 

61.34 

77.87 

72.29 

84.62 

88.31 

14.05 

19.29 

83.30 

56 

69 

69 

56 

69 

24 

69 

56 

69 

69 

93 

93 

24 

24 

93 

0.3 

11.46 

5.84 

4.78 

6.01 

9.6 

8.25 

5.34 

8.87 

3.79 

8.38 

4.69 

9.95 

4.71 

9.7 

66 

66 

66 

66 

67 

41.5 

67 

41.5 

90 

90 

90 

90 

0 

0 

106.4 

9.7 

14.46 

8.84 

14.78 

8.01 

27.1 

10.25 

19.84 

12.13 

17.21 

5.38 

1.69 

14.05 

19.29 

23.1 

54.4 

54.4 

54.4 

54.4 

54.4 

54.4 

54.4 

54.4 

54.4 

54.4 

78 

78 

78 

78 

78 

1.9 

26.06 

20.44 

3.18 

20.61 

40 

22.85 

6.94 

23.47 

18.39 

6.62 

10.31 

63.95 

58.71 

5.3 

 S (C3v) = 7.4   S (C2v) = 15.2 S (D5h) = 28.6 
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Table 3-4 Observed dihedral angles (δi), ideal dihedral angles (θi), and shape factor S for Eu-2. 

 7-MCO (C3v)   7-MCTP (C2v)  7-PBP (D5h) 

edge δi θi δi — θi θi δi — θi θi δi — θi 

O3-O9 

O3-O5 

O3-O2 

O3-O7 

O9-O5 

O2-O5 

O7-O2 

O7-O9 

O9-O8 

O7-O8 

O2-O6 

O5-O6 

O5-O8 

O2-O8 

O6-O8 

66.98 

34.29 

28.74 

52.22 

48.04 

76.38 

71.33 

38.79 

62.97 

61.76 

86.55 

80.51 

71.89 

78.35 

82.59 

56 

69 

69 

56 

69 

24 

69 

56 

69 

69 

93 

93 

24 

24 

93 

5.86 

2.59 

4.28 

10.26 

6.29 

17.25 

5.68 

8.36 

17.52 

17.03 

4.17 

5.26 

23.02 

16.76 

19.18 

66 

66 

66 

66 

67 

41.5 

67 

41.5 

90 

90 

90 

90 

0 

0 

106.4 

4.14 

0.41 

1.28 

0.26 

8.69 

0.25 

7.68 

6.14 

3.48 

3.97 

1.17 

2.26 

0.98 

7.24 

32.58 

54.4 

54.4 

54.4 

54.4 

54.4 

54.4 

54.4 

54.4 

54.4 

54.4 

78 

78 

78 

78 

78 

7.46 

12.01 

10.32 

11.86 

21.29 

13.15 

20.28 

6.76 

32.12 

31.63 

10.83 

9.74 

77.02 

70.76 

4.18 

 S (C3v) = 12.7   S (C2v) = 9.4 S (D5h) = 31.3 
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Table 3-5. Observed dihedral angles (δi), ideal dihedral angles (θi), and shape factor S for Eu-3. 

 7-MCO (C3v)   7-MCTP (C2v)  7-PBP (D5h) 

edge δi θi δi — θi θi δi — θi θi δi — θi 

O1-O2 

O1-O3 

O2-O4 

O2-O6 

O2-O7 

O4-O6 

O3-O5 

O3-O6 

O3-O7 

O1-O4 

O4-O5 

O5-O6 

O6-O7 

O1-O7 

O1-O2 

66.98 

34.29 

28.74 

52.22 

48.04 

76.38 

71.33 

38.79 

62.97 

61.76 

86.55 

80.51 

71.89 

78.35 

82.59 

56 

69 

69 

56 

69 

24 

69 

56 

69 

69 

93 

93 

24 

24 

93 

10.98 

34.71 

40.26 

15.33 

16.78 

24.04 

7.38 

17.21 

6.03 

7.24 

6.45 

12.49 

47.89 

54.35 

10.41 

66 

66 

66 

66 

67 

41.5 

67 

41.5 

90 

90 

90 

90 

0 

0 

106.4 

0.98 

31.71 

37.26 

5.33 

14.78 

6.54 

9.38 

2.71 

27.03 

28.24 

3.45 

9.49 

71.89 

78.35 

23.81 

54.4 

54.4 

54.4 

54.4 

54.4 

54.4 

54.4 

54.4 

54.4 

54.4 

78 

78 

78 

78 

78 

12.58 

20.11 

25.66 

16.93 

2.18 

6.36 

21.98 

15.61 

8.57 

7.36 

8.55 

2.51 

6.11 

0.35 

4.59 

 S (C3v) = 25.9   S (C2v) = 32.9 S (D5h) = 13.0 
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3.3.2 Photophysical properties 

Figure 3-5 shows excitation and emission spectra of the EuIII complexes in the 

solid state at room temperature. The sharp excitation bands correspond to 

4f-intraconfigurational transitions (5L6←7F0,1 and 5D3-0←7F0,1). The intensity of 

photosensitization band (tmh-to-Eu) in UV region was ignorable. The characteristic 

shape of excitation spectra is common to the spectral shape of EuIII complexes with tmh 

ligand. (see Chapter 2) Emission bands at 578, 592, 612, 653, and 700 nm originate 

from 4f-4f transitions of EuIII (5D0→7F0-4). The emission spectra were normalized with 

respect to the spectral area of the magnetic-dipole transition (5D0→7F1).[12] 

Characteristic spectral shape of hypersensitive transitions (5D0→7F2) is based on the 

crystal field of seven-coordinate structures. Emission spectra of the EuIII complexes at 

100 K under wavenumber scale were given in Figure 3-6 to estimate the accurate 

energy level and energy width of Stark splitting. The energy width of Stark splitting of 

the 7F2 sublevels for Eu-1 (430 cm-1) was slightly larger than those for Eu-2 (425 cm-1) 

and Eu-3 (417 cm-1) as shown in Table 3-6. 

 

 

Table 3-6 Transition energy values of 5D0→7FJ (J = 0-2) of the EuIII complexes with Stark splitting 

complex 
E (5D0→7F0)  

[cm-1] 

E (5D0→7F1)  

[cm-1] 

E (5D0→7F2)  

[cm-1] 

Eu-1 17292 16804, 16886, 17056 15977, 16106, 16329, 16361, 16407 

Eu-2 17301 16770, 16905, 17079 16003, 16176, 16252, 16351, 16428 

Eu-3 17280 16798, 16889, 17280 16020, 16239, 16310, 16437 

 



Chapter 3 

 67 

 
Figure 3-5 a) Excitation and b) emission spectra of Eu-1 (black line), Eu-2 (blue line), and Eu-3 

(red line) in the solid state at room temperature. Excitation spectra were recorded at 611 nm 

(5D0→7F2), and normalized with respect to the intensity at 5D2←7F0 excitation band for clarity. 

Emission spectra were excited at 464 nm (5D2←7F0) and normalized with respect to the spectral 

area of magnetic dipole transition at around 590 nm(5D0→7F1). 

 
Figure 3-6 Emission spectra of Eu-1 (black line), Eu-2 (blue line), and Eu-3 (red line) in the solid 

state at 100K excited at 464 nm. 
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Time-resolved emission profiles for Eu-1, Eu-2, and Eu-3 revealed 

single-exponential decay, with a sub-millisecond-scale lifetime (Figure 3-7). Observed 

τobs were 0.50, 0.73, and 0.61 ms for Eu-1, Eu-2, and Eu-3, respectively. Intrinsic 

emission quantum yield (Φff) excited at 532 nm (5D1←7FJ) and total emission quantum 

yield (Φtot) excited at 365 nm were measured using an integrating sphere unit. The 

photophysical properties (τobs, Φff, Φtot, kr, and knr) were summarized in Table 3-7, where 

the kr and knr were calculated using τobs and Φff. The magnitudes of Φtot of the EuIII 

complexes were less than 1%, which is due to the inefficient photosensitized energy 

transfer from the organic ligands to the EuIII ion. The high values of Φff for Eu-1, Eu-2, 

and Eu-3 were comparable of recently reported lanthanide complexes with efficient 

luminescence.[13] 

 

 

Figure 3-7 Emission decay profiles of a) Eu-1, b) Eu-2, and c) Eu-3 in the solid state excited at 

355 nm (Nd:YAG laser). 
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Table 3-7 Photophysical properties and coordination structures of Eu-1, Eu-2, and Eu-3 

complex 
τobs [a] 

[ms] 

Φff  

[%] 

Φtot  

[%] 

kr [b] 

[s-1] 

knr [c] 

[s-1] 

geometrical 

structure 

Eu-1 0.50 82 0.5 1.6×103 3.6×102 7-MCO (C3v) 

Eu-2 0.73 85 0.6 1.1×103 2.1×102 7-MCTP (C2v) 

Eu-3 0.61 86 0.6 1.3×103 2.2×102 7-PBP (D5h) 

[a] Emission lifetimes (τobs) were measured by excitation at 355 nm (Nd:YAG, third harmonics). 

[b] Radiative rate constants, kr = Φff / τobs. [c] Nonradiative rate constants, knr = 1/τobs-kr. 

 

 Excitation and emission spectra of Tb-1, Tb-2, and Tb-3 were shown in 

Figure 3-8. The excitation spectra of the TbIII complexes have obvious 

photosensitization band at around 340 nm. The 4f-4f excitation bands of TbIII were also 

observed at around 380 (5D3←7F6) and 480 nm (5D4←7F6). The emission spectra exhibit 

typical luminescence bands corresponding to 5D4→7F6-0 transitions. The spectral 

shapes of Stark splitting are dependent on the coordination geometrical structures. 

 Figure 3-9 shows time-resolved emission profiles for Tb-1, Tb-2, and Tb-3, 

illustrating the single-exponential decay. Photophysical properties (τobs and Φtot) were 

summarized in Table 3-8. In this table, the values of Φtot were directly measured with an 

integrating-sphere excited at 330 nm, respectively.  
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Figure 3-8 a) Excitation and b) emission spectra of Tb-1 (black line), Tb-2 (blue line), and Tb-3 

(red line) in the solid state at room temperature. Inset of the emission spectra shows 5D4→7F5 

transitions. 

 

 

Figure 3-9 Emission decay profiles of a) Tb-1, b) Tb-2, and c) Tb-3 in the solid state excited at 

355 nm (Nd:YAG laser). 
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Table 3-8 Photophysical properties of Tb-1, Tb-2, and Tb-3 

complex τobs [a] [ms] Φff [%] Φtot [%] kr [b] [s-1] knr [c][s-1] 

Tb-1 1.06 — 68 — — 

Tb-2 1.08 — 66 — — 

Tb-3 0.88 — 78 — — 

[a] Excitation at 355 nm (Nd:YAG laser). [b] kr = Φff / τobs. [c] knr = 1/τobs-kr. 

3.3.3 LMCT perturbation 

 Radiatve process of a EuIII complex is affected by the LMCT states.[3,4] In 

order to analyze the effect in radiative process of Eu-1, Eu-2, and Eu-3, diffuse 

reflection spectra were measured for observation of their LMCT bands (Figure 3-10a). 

The LMCT state in a EuIII complex is one of the representative thermal relaxation 

passway.[14] The presence of LMCT band would promote non-radiative transition, 

decrease the emission quantum yields. Absorption bands at around 320 nm (31250 

cm-1) were assigned to excited singlet π-π* and/or σ-π* transitions of the tmh ligands, 

which was confirmed by the absorption spectrum of [Gd(tmh)3(MeOH)2] in methanol 

solution (Figure 3-11) and TD-DFT calculations of the EuIII complexes (Tables 3-9—3-11). 

The shoulder bands at 370 nm were also observed in all the spectra for the EuIII 

complexes, while no additional band was found in the TbIII complexes (Figure 3-10b). 

Considering these absorption spectra, the bands at 370 nm are LMCT (tmh-to-EuIII) 

bands. In addition, the absorption wavelength and oscillator strength of the LMCT 

transitions were estimated by TD-DFT calculation and summarized in Tables 3-9—3-11. 

The calculations identified that absorption bands in UV region were categorized as 

LMCT (σ→4f and π→4f) transition. 
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Figure 3-10 Diffuse reflection spectra of a) the EuIII complexes and b) the TbIII complexes. 

 

 

Figure 3-11 Absorption spectrum of 1×10-4 M [Gd(tmh)3(MeOH)2] in methanol 
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Table 3-9 Excitation energies of Eu-1 obtained by TD-DFT calculation. LMCT transitions are 

shown by led letters. 

Eex [eV] λ [nm] P main configuration[a] 

0.3323 3731.14 0.0000 4f(Eu) → 4f(Eu)    

0.3502 3540.49 0.0000 4f(Eu) → 4f(Eu)    

0.4497 2756.81 0.0000 4f(Eu) → 4f(Eu)    

0.8084 1533.65 0.0001 4f(Eu) → 4f(Eu)    

0.8429 1470.98 0.0000 4f(Eu) → 4f(Eu)    

0.8802 1408.65 0.0000 4f(Eu) → 4f(Eu)    

2.9337 422.63 0.0000 π(tmh) → π*(tmh)    

2.9434 421.23 0.0000 π(tmh) → π*(tmh)    

2.9494 420.36 0.0000 π(tmh) → π*(tmh)    

2.9869 415.10 0.0000 π(L-1) → π*(L-1)    

3.0153 411.18 0.0000 π(L-1) → π*(L-1)    

3.0230 410.14 0.0000 π(L-1) → π*(L-1)    

3.1611 392.22 0.0034 π(tmh) → 4f(Eu)    

3.2387 382.82 0.0012 π(tmh) → 4f(Eu)    

3.3953 365.17 0.0008 π(tmh) → 4f(Eu)    

3.5441 349.84 0.0135 σ(tmh) → 4f(Eu)    

3.6214 342.37 0.0084 σ(tmh) → 4f(Eu)    

3.7395 331.55 0.0037 σ(tmh) → 4f(Eu)    

4.2104 294.47 0.0001 σ(tmh) → π*(tmh)    

4.2350 292.76 0.0001 σ(tmh) → π*(tmh)    

4.2797 289.70 0.0002 σ(tmh) → π*(tmh)    

4.4034 281.56 0.0081 σ(tmh) → 4f(Eu)    

4.4841 276.50 0.0146 σ(tmh) → 4f(Eu)    

4.5825 270.56 0.0000 π(L-1) → π*(L-1)    

4.5886 270.20 0.0034 σ(tmh) → π*(tmh)    

4.5989 269.59 0.0000 π(L-1) → π*(L-1)    

4.6111 268.88 0.0021 σ(tmh) → π*(tmh)    

4.6367 267.40 0.0207 σ(tmh) → 4f(Eu) π(tmh) → π*(tmh) 

4.6562 266.28 0.0000 π(L-1) → π*(L-1)    
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4.6609 266.01 0.0016 σ(tmh) → π*(tmh)    

4.7071 263.40 0.0000 π(L-1) → π*(L-1)    

4.7808 259.34 0.0000 π(L-1) → π*(L-1)    

4.7934 258.65 0.0000 π(L-1) → π*(L-1)    

4.8108 257.72 0.0747 π(tmh) → π*(tmh)    

4.8691 254.64 0.1751 π(L-1) → π*(L-1) π(tmh) → π*(tmh) 

4.9584 250.05 0.5344 π(tmh) → π*(tmh)    

4.9834 248.79 0.0000 π(L-1) → π*(L-1)    

5.1541 240.55 0.0001 σ(tmh) → π*(tmh)    

5.2021 238.34 0.0008 σ(tmh) → π*(tmh)    

5.2133 237.82 0.0000 σ(tmh) → π*(tmh)    

5.2229 237.39 0.0000 π(L-1) → π*(L-1)    

5.2297 237.08 0.0000 π(L-1) → π*(L-1)    

5.3941 229.85 0.0076 π(L-1) → π*(L-1)    

5.4516 227.43 0.0154 π(L-1) → π*(L-1)    

5.4584 227.14 0.0104 π(L-1) → π*(L-1)    

5.5259 224.37 0.0013 σ(tmh) → π*(tmh)    

5.5724 222.50 0.0007 σ(tmh) → π*(tmh)    

5.5799 222.20 0.0006 σ(tmh) → π*(tmh)    

5.6219 220.54 0.0072 σ(L-1) → 4f(Eu)    

5.6828 218.17 0.0074 σ(L-1) → 4f(Eu)    

5.8562 211.72 0.2102 π(L-1) → π*(L-1)    

6.0262 205.74 0.1309 π(L-1) → π*(L-1)    

6.1216 202.54 0.0000 π(tmh) → σ*(tmh)    

6.1657 201.09 0.0000 σ(tmh) → π*(tmh) π(tmh) → σ*(tmh) 

6.1798 200.63 0.0000 σ(tmh) → π*(tmh)    

6.1859 200.43 0.0029 π(L-1) → π*(L-1)    

[a] The assignments of molecular orbitals were performed by the AOMix program. 
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Table 3-10 Excitation energies of Eu-2 obtained by TD-DFT calculation. LMCT transitions are 

shown by led letters. 

Eex [eV] λ [nm] P main configuration[a] 

0.2110 5876.00 0.0000 4f(Eu) → 4f(Eu)    

0.3087 4016.44 0.0000 4f(Eu) → 4f(Eu)    

0.3410 3635.89 0.0000 4f(Eu) → 4f(Eu)    

0.6628 1870.54 0.0000 4f(Eu) → 4f(Eu)    

0.7972 1555.33 0.0000 4f(Eu) → 4f(Eu)    

0.8115 1527.79 0.0000 4f(Eu) → 4f(Eu)    

2.9282 423.41 0.0005 π(tmh) → 4f(Eu) π(tmh) → π*(tmh) 

2.9332 422.69 0.0001 π(tmh) → π*(tmh)    

2.9431 421.27 0.0012 π(tmh) → 4f(Eu)    

2.9721 417.16 0.0001 π(tmh) → π*(tmh) π(tmh) → π*(L-2) 

2.9886 414.86 0.0000 π(L-2) → π*(L-2)    

2.9950 413.97 0.0000 π(L-2) → π*(L-2)    

3.0081 412.17 0.0000 π(L-2) → π*(L-2)    

3.1246 396.81 0.0021 π(tmh) → 4f(Eu)    

3.3442 370.74 0.0003 π(tmh) → 4f(Eu)    

3.3659 368.36 0.0067 σ(tmh) → 4f(Eu)    

3.5032 353.92 0.0070 σ(tmh) → 4f(Eu)    

3.6869 336.29 0.0102 σ(tmh) → 4f(Eu)    

4.1796 296.64 0.0020 σ(tmh) → 4f(Eu)    

4.1963 295.46 0.0001 σ(tmh) → π*(tmh)    

4.2142 294.20 0.0000 σ(tmh) → π*(tmh)    

4.2232 293.58 0.0002 σ(tmh) → 4f(Eu) σ(tmh) → π*(tmh) 

4.2821 289.54 0.0004 σ(tmh) → 4f(Eu)    

4.5737 271.08 0.0027 σ(tmh) → π*(tmh)    

4.5949 269.83 0.0023 σ(tmh) → π*(tmh)    

4.6029 269.36 0.0016 σ(tmh) → π*(tmh)    

4.6696 265.51 0.0000 π(L-2) → π*(L-2)    

4.6732 265.31 0.0001 π(L-2) → π*(L-2)    

4.6744 265.24 0.0336 σ(tmh) → 4f(Eu) π(tmh) → π*(tmh) 
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4.6811 264.86 0.0000 π(L-2) → π*(L-2)    

4.7016 263.71 0.0000 π(L-2) → π*(L-2)    

4.7287 262.20 0.0000 π(L-2) → π*(L-2)    

4.7341 261.90 0.0000 π(L-2) → π*(L-2)    

4.7734 259.74 0.0406 π(tmh) → π*(tmh)    

4.7918 258.75 0.0687 σ(tmh) → 4f(Eu)    

4.9773 249.10 0.0000 π(L-2) → π*(L-2)    

4.9830 248.81 0.6028 σ(tmh) → 4f(Eu) π(tmh) → π*(tmh) 

4.9973 248.10 0.0000 π(L-2) → π*(L-2)    

5.0091 247.52 0.0000 π(L-2) → π*(L-2)    

5.1216 242.08 0.0014 σ(tmh) → π*(tmh) σ(tmh) → π*(L-2) 

5.1847 239.14 0.0005 σ(tmh) → π*(tmh)    

5.1976 238.54 0.0001 σ(tmh) → π*(tmh)    

5.3976 229.70 0.0040 π(L-2) → π*(L-2)    

5.4139 229.01 0.0064 π(L-2) → π*(L-2)    

5.4213 228.70 0.0094 π(L-2) → π*(L-2)    

5.4379 228.00 0.0012 σ(L-2) → 4f(Eu)    

5.4920 225.76 0.0001 σ(tmh) → π*(tmh)    

5.5575 223.09 0.0041 σ(tmh) → π*(tmh)    

5.5603 222.98 0.0045 σ(L-2) → 4f(Eu)    

5.5690 222.63 0.0014 σ(tmh) → π*(tmh)    

5.8581 211.64 0.2636 π(L-2) → π*(L-2)    

5.8987 210.19 0.2572 π(L-2) → π*(L-2)    

6.0646 204.44 0.0252 π(tmh) → π*(L-2)    

6.0984 203.30 0.0000 π(tmh) → σ*(all)    

6.1409 201.90 0.0000 σ(tmh) → π*(tmh)    

6.1497 201.61 0.0000 π(tmh) → σ*(tmh) σ(tmh) → π*(tmh) 

[a] The assignments of molecular orbitals were performed by the AOMix program. 
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Table 3-11 Excitation energies of Eu-3 obtained by TD-DFT calculation. LMCT transitions are 

shown by led letters. 

Eex [eV] λ [nm] P main configuration[a] 

0.3434 3610.30 0.0000 4f(Eu) → 4f(Eu)    

0.3476 3566.39 0.0000 4f(Eu) → 4f(Eu)    

0.4530 2737.03 0.0000 4f(Eu) → 4f(Eu)    

0.8057 1538.88 0.0001 4f(Eu) → 4f(Eu)    

0.8425 1471.63 0.0000 4f(Eu) → 4f(Eu)    

0.8784 1411.49 0.0000 4f(Eu) → 4f(Eu)    

2.9471 420.69 0.0000 π(L-3) → π*(L-3)    

2.9494 420.36 0.0000 π(tmh) → π*(tmh)    

2.9607 418.77 0.0001 π(tmh) → π*(tmh)    

2.9617 418.62 0.0000 π(tmh) → π*(tmh)    

2.9821 415.76 0.0000 π(L-3) → π*(L-3)    

2.9920 414.39 0.0000 π(L-3) → π*(L-3)    

3.1463 394.07 0.0028 π(tmh) → 4f(Eu)    

3.3008 375.62 0.0002 π(tmh) → 4f(Eu)    

3.3723 367.65 0.0022 π(tmh) → 4f(Eu)    

3.5547 348.79 0.0119 σ(tmh) → 4f(Eu)    

3.6392 340.69 0.0117 σ(tmh) → 4f(Eu)    

3.7231 333.01 0.0016 σ(tmh) → 4f(Eu)    

4.2221 293.65 0.0002 σ(tmh) → π*(tmh)    

4.2688 290.44 0.0001 σ(tmh) → π*(tmh)    

4.2876 289.17 0.0000 σ(tmh) → π*(tmh)    

4.3791 283.13 0.0000 π(L-3) → π*(L-3)    

4.4243 280.23 0.0000 π(L-3) → π*(L-3)    

4.4333 279.67 0.0060 σ(tmh) → 4f(Eu)    

4.4439 279.00 0.0000 π(L-3) → π*(L-3)    

4.4668 277.57 0.0126 σ(tmh) → 4f(Eu)    

4.6002 269.52 0.0044 σ(tmh) → π*(tmh)    

4.6451 266.91 0.0191 σ(tmh) → 4f(Eu) σ(tmh) → π*(tmh) 

4.6547 266.37 0.0129 σ(tmh) → 4f(Eu) σ(tmh) → π*(tmh) 
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4.6738 265.27 0.0012 σ(tmh) → π*(tmh)    

4.6916 264.27 0.0000 π(L-3) → π*(tmh)    

4.7307 262.09 0.0000 π(L-3) → π*(L-3)    

4.7410 261.52 0.0000 π(L-3) → π*(L-3)    

4.8133 257.59 0.0404 σ(tmh) → 4f(Eu)    

4.8950 253.29 0.1903 σ(tmh) → 4f(Eu)  π(tmh) → π*(tmh) 

4.9614 249.90 0.5073 π(tmh) → π*(tmh)    

5.1755 239.56 0.0006 σ(tmh) → π*(tmh)    

5.2104 237.96 0.0000 σ(tmh) → π*(tmh)    

5.2145 237.77 0.0000 π(L-3) → π*(L-3)    

5.2207 237.49 0.0000 π(L-3) → π*(L-3)    

5.2259 237.25 0.0006 σ(tmh) → π*(tmh)    

5.2406 236.58 0.0000 π(L-3) → π*(L-3)    

5.3142 233.31 0.0322 π(L-3) → π*(L-3)    

5.3745 230.69 0.0119 π(L-3) → π*(L-3)    

5.3820 230.37 0.0052 π(L-3) → π*(L-3)    

5.5492 223.43 0.0005 σ(tmh) → π*(tmh)    

5.5547 223.20 0.0141 σ(tmh) → 4f(Eu)    

5.5800 222.19 0.0021 σ(tmh) → π*(tmh)    

5.6044 221.23 0.0010 σ(tmh) → π*(tmh)    

5.6194 220.63 0.0009 σ(tmh) → 4f(Eu)    

5.9092 209.81 0.0690 π(L-3) → π*(L-3)    

5.9801 207.33 0.0473 π(L-3) → π*(L-3)    

6.0852 203.75 0.0063 π(L-3) → π*(L-3)    

6.1160 202.72 0.0000 π(tmh) → σ*(L-3)  π(tmh) → σ*(tmh) 

6.1277 202.33 0.0000 π(tmh) → σ*(tmh)    

6.1709 200.92 0.0000 σ(tmh) → π*(tmh)    

[a] The assignments of molecular orbitals were performed by the AOMix program. 
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 An energy diagram of the EuIII complexes is shown in Figure 3-12. An excited 

singlet state (S1) in lanthanide complexes generally undergoes intersystem crossing to 

a low-lying excited triplet state (T1), due to the large spin-orbit interaction. The energy 

level of T1 (410 nm, ca. 24,400 cm-1) was confirmed by a phosphorescence spectrum of 

[Gd2(tmh)6] at 100 K (Figure 3-12). The large energy gap between T1 and 5D0 (ΔE = 

7,100 cm-1) results in suppression of back-energy transfer.[14] Therefore, the small 

values of Φtot for the EuIII complexes were attributed to thermal relaxation through LMCT 

state. 

 

 

Figure 3-12 Energy diagram of the EuIII complexes. 
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Figure 3-13 Phosphorescnece spectrum of [Gd2(tmh)6] excited at 330 nm in the solid state at 

100 K 

 

 Temperature-dependent emission lifetimes of the EuIII complexes were 

measured for investigation of the photophysical interaction between 5D0 and LMCT 

(Figure 3-14a). The magnitude of the emission lifetimes decreased with increasing 

temperature above 300 K. In contrast, emission lifetimes of the TbIII complexes were 

independent of temperature in the range of 100-350 K (Figure 3-14b). Since the energy 

level of 5D4 is higher than that of 5D0, the decrease in emission lifetime of the EuIII 

complexes should be due to state transition from 5D0 to LMCT,[14] rather than vibrational 

relaxation (5D0→7F0) and back-energy transfer (5D0→T1). Rate constant of the state 

transition, kST, was calculated by equation (3-1). 

𝑘"# =
1

𝜏'(()
−

1
𝜏+,-

	, (3 − 1) 

where τ300K is emission lifetime at 300 K without kST (Figure 3-15a). Arrhenius plots of 
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kST for the EuIII complexes presented linear relationships (Figure 3-14b). On the basis of 

the Arrhenius analysis, activation energy Ea and frequency factor A were estimated as 

summarized in Table 3-12.  

 

 

Figure 3-14 Temperature-dependence of emission lifetimes for a) the EuIII complexes and b) TbIII 

complexes (Eu-1 and Tb-1: circle, Eu-2 and Tb-2: square, and Eu-3 and Tb-3: diamond). 

 

The value of Ea for Eu-2 (3.3×103 cm-1) was slightly smaller than those of Eu-1 

(3.5×103 cm-1) and Eu-3 (3.9×103 cm-1). The A for Eu-2 (1.3×108 s-1) was also smaller 

than those for Eu-1 (8.0×108 s-1) and Eu-3 (9.8×108 s-1). The A includes the electronic 

frequency νel that is proportional to HAB2, where HAB is electronic coupling between initial 

and final states in charge transfer process.[16] Therefore, the values of A indicate that 

the degree of electronic coupling between 5D0 and LMCT for Eu-2 is smaller than those 

for Eu-1 and Eu-3. 
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Figure 3-14 a) Temperature-dependences of kST and b) their Arrhenius plot for Eu-1 (circle), 

Eu-2 (square), and Eu-3 (diamond). 

 

 According to Henrie’s report for influences on LMCT in lanthanide complexes, 

the 4f-4f transition probability is related to oscillator strength and energy level of charge 

transfer transition. The equation is given by equation (3-2), 

𝑃44 = 𝑎6𝐸44(𝐸8#)9'𝑃8#.			(3 − 2) 

Here, P is oscillator strength, and E is energy level. Subscripts ff and CT represent 4f-4f 

and charge transfer transitions, respectively. The a is matrix elements of odd-parity 

vibrations and the ligand field, that mix the charge transfer state with the 4f state. Note 

that the term, (ECT)-3PCT, is proportional to Pff. The wavelength λLMCT, oscillator strength 

PLMCT, and (ELMCT)-3PLMCT were obtained from TD-DFT calculation as shown in Table 

3-12. The calculation clarified that the value of (ELMCT)-3PLMCT for Eu-1 was larger than 

those for Eu-2 and Eu-3.  
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Table 3-12 Arrhenius parameters of state transition rate kST for the EuIII complexes and 

calculated λ and P of LMCT transition 

complex Ea [cm-1] A [s-1] λLMCT[a] [nm] PLMCT[b]  (ELMCT)-3PLMCT [c] [cm3] 

Eu-1 3.5×103 8.0×108 392 3.4×10-3 2.0×10-16 

Eu-2 3.3×103 1.3×108 423 0.5×10-3 3.8×10-17 

Eu-3 3.9×103 9.8×108 394 2.8×10-3 1.7×10-16 

[a] Wavelength of the LMCT absorption edge obtained from TD-DFT calculation. [b] Calculated 

oscillator strength of the LMCT absorption edge. [c] ELMCT = 1/λLMCT. 

 

 The experimental and theoretical investigations suggested that the enhanced 

kr of Eu-1 was attributed to the large photophysical interaction between excited state of 

EuIII and LMCT state. Considering this study, the largest kr of Eu-1 was caused by not 

only low-symmetrical coordination structure (C3v) but also relatively large perturbation of 

LMCT state into 4f configuration.  
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3.4 Conclusion 

 The author successfully synthesized seven-coordinate EuIII complexes with 

monocapped-octahedral, monocapped-trigonal-prismatic, and pentagonal-bipyramidal 

structures. The formation of geometrical structures was dependent on steric hindrance 

of the phosphine oxide ligands with additional methyl groups. The radiative rate 

constant of Eu-1 was larger than those of Eu-2 and Eu-3. The enhanced radiative rate 

constant was attributed to relatively low-symmetrical coordination structure and large 

perturbation of LMCT state into 4f excited state. Arrhenius analysis of emission lifetime 

and TD-DFT calculation for LMCT transition proved the large electronic coupling 

between LMCT and 4f states. This study provided significant photophysical information 

for investigation of radiative process in lanthanide complexes. 
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Chapter 4 
 

Thermosensing Luminescence 
from Red to Green by LMCT 
Quenching in Dinuclear EuIII/TbIII 
Complex 
 

Abstract 

Temperature-dependent luminescence of a dinuclear EuIII/TbIII complex with a 

seven-coordinate structure is demonstrated. The dinuclear complex is composed of two 

lanthanide ions, six tmh ligands, and a bidentate phosphine oxide linker ligand. The 

luminescence color of the dinuclear complex gradually changed unusually from red to 

green with increasing temperature. The thermosensing range using the ratio of 

luminescence intensity (AEu/ATb) was 100-450 K. The mechanism of the luminescent 

color-change, caused by LMCT state, is discussed. 

 

Based on 

A Luminescent Dinuclear EuIII/TbIII Complex with LMCT Band as a 

Single-molecular Thermosensor 

K. Yanagisawa, T. Nakanishi, Y. Kitagawa, T. Seki, K. Fushimi, H. Ito, and Y. Hasegawa, 

Chem. Eur. J. 2018, 24, 1956-1961.  
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4.1 Introduction 

 Temperature-sensitive luminescent nano-compounds have potential 

applications as thermometric materials in the field of microelectronics and microfluidics 

due to their fast responses, noninvasive operations, and nano-scale high resolutions.[1] 

Various luminescent nano-materials including boron-based organic molecules,[2] gold 

nanoclusters,[3] semiconductor quantum-dots,[4] and lanthanide-doped upconverting 

nanoparticles[5] have been reported as thermosensing materials. In these materials, 

photophysical parameters such as emission lifetime, emission wavelength, and 

emission intensity have been utilized for thermosensing performance. Recently, 

thermometric methods using the ratio of luminescent intensities from multiple emission 

centers have been developed for accurate thermosensing measurements.[6] 

Dual-emissive thermometry is not affected by excitation intensity of the light source, 

concentration of the emitter, and/or sensitivity of the optical detector. In terms of 

accurate measurements, narrow full-width at half-maximum (fwhm) of each emission 

band is useful for calculation of the ratio of luminescence intensity. 

Thermosensing materials constructed from lanthanide complexes have been 

increasingly studied due to the narrow fwhm of emission bands.[7] The narrow 

bandwidths originate from 4f-4f transitions because of little change in the electronic 

structures between ground and excited states. Since the emission wavelength of 4f-4f 

transitions is independent of the surrounding environment, the emission color can be 

controlled by selection of lanthanide ions (EuIII: red, TbIII: green, and YbIII: near-infrared). 

Carlos pioneered luminescence thermometry based on dual-emission of EuIII/TbIII 
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hybridized organosilica on Fe2O3 nanoparticles (sensing range: 10-350 K).[6] Qian 

demonstrated the first example of a luminescent metal organic framework (MOF) 

including EuIII and TbIII for a ratiometric thermometer (sensing range: 10-300 K).[8] 

Hasegawa et al. also reported a luminescent coordination polymer named ‘chameleon 

luminophore’ containing EuIII and TbIII with high thermostability (sensing range: 200-500 

K).[9] 

Temperature-dependent luminescence of EuIII/TbIII complexes are attributed 

to 1) energy gap dependence: back energy transfer from the 5D4 configuration of TbIII to 

the excited triplet state (T1) of organic ligands[10] and/or 2) activation energy 

dependence: phonon-assisted energy transfer from TbIII to EuIII.[11] These dependences 

concerned with thermo-sensitivity induce typical emission color change (green to red) 

with increasing temperature. Here, utilizing ligand-to-metal charge transfer (LMCT) 

transition of lanthanide complexes is expected to provide effective thermosensing 

properties. The LMCT band is observed in EuIII-tetramethylheptanedionate (tmh) 

complexes and promotes non-radiative relaxation.[12-14]  The fast relaxation process 

through the LMCT band is expected to produce unprecedented thermo-sensitive 

luminescence properties. 

 In this study, the author synthesized new seven-coordinate dinuclear 

complexes composed of two lanthanide ions, six tmh ligands, and a 

4,4’-bis(diphenylphosphoryl)biphenyl (dpbp) ligand {[Eu2(tmh)6dpbp], 

[Tb2(tmh)6dpbp], and [EuTb(tmh)6dpbp]} for introduction of a LMCT band into 

dual-emissive thermometry. The dinuclear structures were determined by single-crystal 
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X-ray diffraction analysis. Photophysical properties of the dinuclear complexes were 

evaluated using absorption, emission, and excitation spectra. Radiative and 

non-radiative rate constants (kr and knr) were calculated using emission lifetimes (τobs) 

and 4f-4f emission quantum yields (Φff). Unexpectedly, [EuTb(tmh)6dpbp] showed 

gradual emission color change from red to green with increasing temperature. The 

thermosensing range using the ratio of luminescence intensity (AEu/ATb) was found to be 

100-450 K. The thermosensing ability is based on the presence of a LMCT band, which 

was confirmed by Arrhenius analysis of the emission lifetime. The characteristic 

temperature-dependent luminescence of the dinuclear EuIII/TbIII complex including a 

LMCT band is demonstrated as a single-molecular thermosensor.  
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4.2 Experimental section 

Materials 

 Europium chloride hexahydrate (99.9%), terbium chloride pentahydrate 

(99.9%), and gadolinium chloride hexahydrate (99.9%), ammonia aqueous solution 

(28%) and H2O2 aqueous solution (30%) were purchased from Wako Pure Chemical 

Industries Ltd. Chlorodiphenylphosphine (PPh2Cl), 2,2,6,6-tetramethylheptane-3,5-dion, 

n-BuLi (in n-hexane, 1.6 M), and 4,4’-dibromobiphenyl were obtained from Tokyo Kasei 

Organic Chemicals. All other chemicals and solvents were reagent-grade and were 

used without further purification. 

 

Apparatus 

 Elemental analyses were performed with an Exeter Analytical CE440. IR 

spectra were recorded using a JASCO FT/IR-4600 spectrometer. 1H NMR (400MHz) 

spectra were measured by a JEOL ECS400. Chemical shifts were reported in a unit of 

ppm, which is referenced to an internal tetramethylsilane (TMS) standard. 

Mass-spectroscopy was carried out by use of a Thermo Scientific Exactive (ESI-MS). 

TG-DTA measurements were performed with a Seiko Instruments Inc. EXSTAR 6000 

(TG-DTA 6300) in a nitrogen atmosphere at a heating rate of 1ºC min-1.  
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Preparation of 4,4’-bis(diphenylphosphoryl)biphenyl (dpbp) 

 

 
Scheme 4-1 synthesis of dpbp ligand. 

 

 4,4’-Dibromobiphenyl (1.9 g, 6.0 mmol) was dissolved in anhydrous THF 

under argon and cooled to -78℃. A total of 2.1 equivalent of n-BuLi (7.9 mL, 12.6 mmol) 

was added dropwise. The temperature was not allowed to rise above -60℃ during the 

addition. Stirring was continued for 3 h at -10℃, after which PPh2Cl (2.3 mL, 12.6 

mmol) was added at -78℃. The mixture was gradually brought room temperature, and 

stirred for 6 h. The mixture was quenched with 2 mL of methanol. The product was 

extracted with ethyl acetate, and then the extract was washed with brine for 3 times and 

dried over anhydrous MgSO4. Volatiles were removed under reduced pressure to give 

an off-white solid that was filtered. The solid was dissolved in dichloromethane and 

cooled to 0℃ and then 30% H2O2 aqueous solution (5 mL) was added to it. The 

reaction mixture was stirred for 2 h. The product was extracted with dichloromethane, 

the extracts washed with brine for three times and dried over anhydrous MgSO4. 

Recrystallization from dichloromethane gave colorless crystals of the titled compound. 

Yield 1.7 g (54%), 1H NMR (400 MHz, CDCl3, 25℃): δ 7.67-7.80 (m, 16H), 7.45-7.60 (m, 

12H) ppm.  

P PO OBr Br
n-BuLi, PPh2Cl

THF, -77℃ CH2Cl2, 0℃

30% H2O2
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Preparation of [Eu2(tmh)6dpbp], [Gd2(tmh)6dpbp], and [Tb2(tmh)6dpbp] 

 

Scheme 4-2 preparation of [Ln2(tmh)6dpbp]. 

 

 The precursor complexes, [Eu(tmh)3(MeOH)2], [Gd(tmh)3(MeOH)2], and 

[Tb(tmh)3(MeOH)2], were synthesized by the same method described in Chapter 2. 

Each of the precursor complexes (1.0 g, 1.4 mmol) and dpbp (0.39 g, 0.7 mmol) were 

dissolved with methanol (30 mL) in a 100 mL flask. The solution was heated under 

reflux while stirring for 6 h. The reaction mixture was recrystallized in methanol to afford 

colorless crystals of titled compounds. [Eu2(tmh)6dpbp]: Yield 1.1 g (79%). IR (ATR

 = 2865-2955 (m, C-H), 1570 (s, C=O), 1172 cm-1 (s, P=O). C102H142Eu2O14P2 calcd. 

(%): C 62.57, H 7.31; found C 62.06, H 7.25. [Tb2(tmh)6dpbp]: Yield 1.1 g (81%). IR 

(ATR) = 2865-2955 (m, C-H), 1572 (s, C=O), 1173 cm-1 (s, P=O). C102H142O14P2Tb2 

calcd. (%): C 62.12, H 7.26; found C 61.66, H 7.21. [Gd2(tmh)6dpbp]: Yield 1.1 g (79%). 

IR (ATR) = 2865-2955 (m, C-H), 1570 (s, C=O), 1172 cm-1 (s, P=O). 

C102H142Gd2O14P2 calcd. (%): C 62.23, H 7.27; found C 61.89, H 7.25. 

 

 

 

!ν

!ν

!ν

!ν
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Preparation of [EuTb(tmh)6dpbp] 

 A Mixture of [Eu(tmh)3(MeOH)2] (0.5 g, 0.7 mmol) and [Tb(tmh)3(MeOH)2] (0.5 

g, 0.7 mmol) was dissolved in methanol (30 mL). The dpbp ligand (0.39 g, 0.7 mmol) 

was added to it. After reflux for 6 h, recrystallization from methanol provided colorless 

crystals of titled compound. IR (ATR) = 2,865-2,955 (m, C-H), 1,572 (s, C=O), 1,173 

cm-1 (s, P=O). C102H142EuO14P2Tb calcd. (%): C 62.34, H 7.28; found C 62.60, H 7.20. 

 

Crystallography 

 Single crystals of lanthanide complexes were mounted on a micromesh 

(MiTeGen M3-L19-25L) using paraffin oil. All measurements were carried out using a 

RIGAKU R-AXIS RAPID imaging plate area detector with graphite monochromated 

Mo-Kα. Non-hydrogen atoms were refined anisotoropically. All calculations were 

performed with crystal-structure crystallographic software package. The quality of CIF 

data was validated by the checkCIF/PLATON service. The CIF data can be obtained 

from The Cambridge Crystallographic Data Centre (CCDC 1575443, 1575444, 1575445 

and 1584058 for [Eu2(tmh)6dpbp], [Gd2(tmh)6dpbp], [Tb2(tmh)6dpbp], and 

[EuTb(tmh)6dpbp], respectively). 

 

Optical measurements 

 Emission and excitation spectra were measured with a spectrofluorometer 

(HORIBA Fluorolog-3). Emission quantum yields were estimated using a 

spectrofluorometer (JASCO FP-6300) with an integrating sphere unit (JASCO ILF-533). 

!ν
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The wavelength dependence of the detector response and beam intensity of the Xe light 

source for each spectrum were calibrated using a standard light source. Emission 

lifetimes were measured using the third harmonic (355 nm) of a Q-switched Nd:YAG 

laser (Spectra-Physics, INDI-50, fwhm = 5 ns, λ = 1064 nm) and a photomultiplier 

(Hamamatsu Photonics, R-5108, response time < 1.1 ns). The Nd:YAG laser response 

was monitored with a digital oscilloscope (Sony Tektonics, TDS3052, 500 MHz) 

synchronized to single pulse excitation. Emission lifetimes were determined from the 

slopes of logarithmic plots of decay profiles. Temperature-dependent emission spectra 

and emission lifetimes were measured using a cryostat (Thermal Block Company 

SA-SB245T) and a temperature controller (Oxford Instruments ITC-502S). Diffuse 

reflection spectra were recorded using a spectrophotometer (JASCO V-670) with an 

integrating sphere unit (JASCO ISN-723).  
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4.3 Results and discussion 

4.3.1 Structural analyses 

Dinuclear lanthanide complexes {[Eu2(tmh)6dpbp], [Tb2(tmh)6dpbp], and 

[EuTb(tmh)6dpbp]} were synthesized by the reaction of a precursor complex 

[Ln(tmh)3(MeOH)2] (Ln = EuIII and/or TbIII) with dpbp in methanol under reflux for 6 h. A 

dinuclear GdIII complex, [Gd2(tmh)6dpbp], was also prepared for estimation of the 

energy level of T1 of the organic ligands. Single crystals of all of the dinuclear 

complexes were obtained from recrystallization from methanol at room temperature. 

The crystallographic data for the lanthanide complexes are summarized in Tables 4-1 

and 4-2. The lattice constants in a monoclinic system of [Eu2(tmh)6dpbp] were similar 

to those of [Tb2(tmh)6dpbp], [Gd2(tmh)6dpbp], and [EuTb(tmh)6dpbp].  
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Table 4-1 Crystallographic data of [Eu2(tmh)6dpbp] and [Tb2(tmh)6dpbp]. 

 [Eu2(tmh)6dpbp] [Tb2(tmh)6dpbp] 

chemical formula C102H142Eu2O14P2 C102H142O14P2Tb2 

formula weight 1958.01 1971.93 

crystal system monoclinic monoclinic 

space group P 21/n P 21/n 

hall group -P 2yn -P 2yn 

a [Å] 22.2843 (5) 22.2894 (6) 

b [Å] 12.9376 (4) 12.9348 (3) 

c [Å] 36.0342 (7) 36.0983 (7) 

β [º] 95.2528 (7) 95.372 (1) 

V [Å3] 10345.2 (4) 10361.7 (4) 

Z 4 4 

dcalcd [g cm-1] 1.257 1.264 

T [K] 123 123 

μ (Mo Kα) [mm-1] 1.289 1.441 

measured reflections 85012 60037 

unique reflections 23199 23613 

absorption correction multi-scan multi-scan 

R1[a] 0.0507 0.0372 

wR2[b] 0.1264 0.0888 

[a] R1 = Σ||F0|—|Fc|| / Σ|F0|. [b] wR2 = [(Σw(|F0|—|Fc|)2 / ΣwF02)]1/2. 
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Table 4-2 Crystallographic data of [Gd2(tmh)6dpbp] and [EuTb(tmh)6dpbp]. 

 [Gd2(tmh)6dpbp] [EuTb(tmh)6dpbp] 

chemical formula C102H142Gd2O14P2 C102H142EuO14P2Tb 

formula weight 1968.61 1964.97 

crystal system monoclinic monoclinic 

space group P 21/n P 21/n 

hall group -P 2yn -P 2yn 

a [Å] 22.2685 (5) 22.2487 (8) 

b [Å] 12.9311 (3) 12.9155 (5) 

c [Å] 36.0097 (7) 35.9989 (14) 

β [º] 95.402 (1) 95.331 (7) 

V [Å3] 10323.2 (4) 10299.6 (7) 

Z 4 4 

dcalcd [g cm-1] 1.267 1.267 

T [K] 123 123 

μ (Mo Kα) [mm-1] 1.361 1.372 

measured reflections 53563 89168 

unique reflections 23611 23528 

absorption correction multi-scan multi-scan 

R1[a] 0.0563 0.0641 

wR2[b] 0.1297 0.1396 

[a] R1 = Σ||F0|—|Fc|| / Σ|F0|. [b] wR2 = [(Σw(|F0|—|Fc|)2 / ΣwF02)]1/2. 
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The ORTEP drawing of [Eu2(tmh)6dpbp] is shown in Figure 4-2. In this 

dinuclear structure, two units of [Eu(tmh)3] are connected with a dpbp ligand. The 

complex shows several intra- and inter-molecular CH-π interactions as shown in Figure 

4-3 and 4-4, respectively. Average bond lengths between Eu and O atoms in tmh and 

dpbp ligands were 2.33 and 2.35 Å, respectively. These relatively short distances are 

similar to those of previously reported seven-coordinate EuIII complexes.[14,15] The shape 

factor was calculated to estimate the coordination geometry around EuIII. The 

determined geometrical structure of [Eu2(tmh)6dpbp] was categorized as a distorted 

monocapped-octahedron and monocapped-trigonal-prism (Tables 4-3 and 4-4).[16, 17] 

Figure 4-3 and 4-4 show intra- and intermolecular CH-π interactions in the crystal 

structure of [Eu2(tmh)6dpbp], respectively. TG-DTA analysis revealed that the 

decomposition temperature of [Eu2(tmh)6dpbp] was 495 K (Figure 4-5). 

 

 

Figure 4-2 ORTEP drawing of [Eu2(tmh)6dpbp]. Hydrogen atoms are omitted for clarity. 

Thermal ellipsoids are shown in 50% probability 
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Figure 4-3 Intramolecular CH-π interaction in [Eu2(tmh)6dpbp]. 

 

 

 
Figure 4-4 Intermolecular CH-π interaction in [Eu2(tmh)6dpbp]. 
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Table 4-3 Observed dihedral angles, ideal dihedral angles for monocapped-octahedron (7-MCO) 

and monocapped-trigonalprism (7-MCTP) around Eu1 atom in [Eu2(tmh)6dpbp]. 

 7-MCO (C3v)   7-MCTP (C2v) 

edge δi θi |δi — θi| θi |δi — θi| 

O4-O12 

O11-O12 

O12-O13 

O9-O12 

O4-O11 

O11-O13 

O9-O13 

O4-O9 

O1-O4 

O1-O9 

O11-O14 

O13-O14 

O1-O11 

O1-O13 

O1-O14 

67.19 

67.4 

71.36 

56.65 

71.98 

32.54 

80.63 

48.44 

77.27 

84.93 

87.11 

83.47 

18.61 

4.08 

100.75 

56 

69 

69 

56 

69 

24 

69 

56 

69 

69 

93 

93 

24 

24 

93 

11.19 

1.6 

2.36 

0.65 

2.98 

8.54 

11.63 

7.56 

8.27 

15.93 

5.89 

9.53 

5.39 

19.92 

7.75 

66 

66 

66 

66 

67 

41.5 

67 

41.5 

90 

90 

90 

90 

0 

0 

106.4 

1.19 

1.4 

5.36 

9.35 

4.98 

8.96 

13.63 

6.94 

12.73 

5.07 

2.89 

6.53 

18.61 

4.08 

5.65 

 S (C3v) = 9.46  S (C2v) = 8.54 
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Table 4-4 Observed dihedral angles, ideal dihedral angles for monocapped-octahedron 

(7-MCO) and monocapped-trigonalprism (7-MCTP) around Eu2 atom for [Eu2(tmh)6dpbp]. 

 7-MCO (C3v)   7-MCTP (C2v) 

edge δi θi |δi — θi| θi |δi — θi| 

O6-O7 

O3-O6 

O6-O8 

O6-O10 

O3-O7 

O3-O8 

O8-O10 

O7-O10 

O5-O7 

O5-O10 

O2-O3 

O2-O8 

O3-O5 

O5-O8 

O2-O5 

39.54 

66.23 

75.51 

47.28 

55.49 

37.97 

72.97 

54 

82.86 

89.78 

76.28 

78.03 

33.35 

33.87 

108.82 

56 

69 

69 

56 

69 

24 

69 

56 

69 

69 

93 

93 

24 

24 

93 

16.46 

2.77 

6.51 

8.71 

13.51 

13.97 

3.97 

2 

13.86 

20.78 

16.72 

14.97 

9.35 

9.87 

15.82 

66 

66 

66 

66 

67 

41.5 

67 

41.5 

90 

90 

90 

90 

0 

0 

106.4 

26.46 

0.23 

9.51 

18.72 

11.51 

3.53 

5.97 

12.5 

7.14 

0.22 

13.72 

11.97 

33.35 

33.87 

2.42 

 S (C3v) = 12.5  S (C2v) = 16.6 
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Figure 4-5 TG-DTA thermogram of [Eu2(tmh)6dpbp]. 

 

4.3.2 Luminescence properties 

Figure 4-6a shows absorption, excitation, and emission spectra of 

[Eu2(tmh)6dpbp] in the solid state at room temperature. The absorption band at around 

320 nm is attributed to singlet π-π* and/or σ-π* transitions of the tmh ligands.[14] 

Additionally, the shoulder band at around 370 nm is based on LMCT (tmh→EuIII) 

transition. The LMCT band in [Eu2(tmh)6dpbp] was experimentally confirmed by 

comparison with absorption spectrum of [Gd2(tmh)6dpbp] (Figure 4-7).[18] In contrast, 

effective excitation band in the UV region is not observed, due to inefficient 

photosensitized energy transfer from the ligands to EuIII. The excitation spectrum 

monitored at 611 nm shows distinguishable 4f-4f absorption bands in the visible region 

[5L6 and 5DJ (J = 0-3)←7FJ (J = 0 and 1)].[19] In the case of absorption spectrum for 

[Tb2(tmh)6dpbp], π-π* and/or σ-π* bands without a LMCT band are observed in the UV 
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region (Figure 4-6b). The excitation spectrum monitored at 548 nm for [Tb2(tmh)6dpbp] 

clearly shows intense bands at around 330 nm which is based on efficient 

photosensitized energy transfer. The shoulder band in the excitation spectrum at 

approximately 380 nm is attributed to 4f-4f absorption of TbIII (5D3←7F6).[20]  

 
Figure 4-6 Absorption, excitation, and emission spectra of a) [Eu2(tmh)6dpbp] and b) 

[Tb2(tmh)6dpbp] in the solid state at room temperature. 
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Figure 4-7 Diffuse reflection spectra for [Eu2(tmh)6dpbp] (red) and [Gd2(tmh)6dpbp] (black) in 

the solid state. 

 

The emission spectra of [Eu2(tmh)6dpbp] and [Tb2(tmh)6dpbp] exhibit 

typical 4f-4f transitions [EuIII: 5D0→7FJ (J=0-4) and TbIII: 5D4→7FJ (J=6-0)]. The 

characteristic spectral shapes with wide Stark splitting of [Eu2(tmh)6dpbp] and 

[Tb2(tmh)6dpbp] (Figure 4-8) are similar to those of previously reported EuIII and TbIII 

complexes with low-symmetrical seven-coordinate structures.[14,21]  

The τobs values of [Eu2(tmh)6dpbp], [Tb2(tmh)6dpbp], and 

[EuTb(tmh)6dpbp] were obtained from time-resolved luminescence decay profiles 

(Figure 4-9 and 4-10). The decay profiles monitored at 548 nm and 611 nm for 

[EuTb(tmh)6dpbp] were single-exponential decay curves. Therefore, the luminescence 
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properties for [EuTb(tmh)6dpbp] is expected to be mainly due to heterometallic 

dinuclear complex. The τobs for [EuTb(tmh)6dpbp] monitored at 548 nm (5D4→7F5) and 

611 nm (5D0→7F2) were 0.90 ms and 0.76 ms, respectively. The values were different 

from those for homometallic complexes. The decrease in τobs of TbIII emission is 

attributed to energy transfer to EuIII. The increase in that of EuIII emission is assumed to 

be due to suppression of concentration quenching between EuIII ions.  

Total emission quantum yields (Φtot) excited at 330 nm were directly measured 

with an integrating-sphere unit. The values of Φff (excited at 464 nm for EuIII and excited 

at 483 nm for TbIII) were also estimated by the same method as that for Φtot. The 

magnitudes of kr and knr were calculated using τobs and Φff. These photophysical 

properties of [Eu2(tmh)6dpbp], [Tb2(tmh)6dpbp], and [EuTb(tmh)6dpbp] are 

summarized in Table 4-5.  

Table 4-5. Photophysical properties of [Eu2(tmh)6dpbp], [Tb2(tmh)6dpbp], and 

[EuTb(tmh)6dpbp]. 

complex τobs[a] [ms] Φff[b] [%] Φtot[c] [%] kr[d] [s-1] knr[e] [s-1] 

[Eu2(tmh)6dpbp] 0.62 66 0.5 1.1×103 5.2×102 

[Tb2(tmh)6dpbp] 0.96 >61 56 >5.8×102 <4.6×102 

[EuTb(tmh)6dpbp] 0.76 (at 611 nm) — — — — 

 0.90 (at 545 nm) — — — — 

[a] Emission lifetime was measured excited at 355 nm (Nd:YAG laser, third harmonics). [b] Emission 

quantum yield of 4f-4f transition for EuIII and TbIII was measured with an integrating-sphere unit excited at 

464 nm (5D2←7F0) and 483 nm (5D4←7F6), respectively. [c] Total emission quantum yield was also 

measured using an integrating-sphere unit excited at 330 nm. [d] Radiative rate constant was estimated 

from kr = Φff /τobs. [e] Non-radiative rate constant was calculated from knr = (1/τobs)-kr. 
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Figure 4-8 Emission spectra of a) [Eu2(tmh)6dpbp] and b) [Tb2(tmh)6dpbp] at 100 K in the solid 

state excited at 330 nm under wavenumber scale. 

 

 The value of Φtot for [Eu2(tmh)6dpbp] was 0.5%, which is due to thermal 

relaxation from the LMCT state before photosensitized energy transfer from T1 to 

EuIII.[12-15] On the other hand, [Tb2(tmh)6dpbp] exhibited relatively high Φtot (56%). The 

high value is comparable to previously reported emission quantum yields of the TbIII 

complexes with efficient luminescence.[22-24] The large energy gap between T1 and 5D4 
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in [Tb2(tmh)6dpbp] (Figure 4-11) provides inefficient back-energy transfer, resulting in 

relatively high Φtot. 

 

 
Figure 4-9 Emission decay curves of a) [Eu2(tmh)6dpbp] and b) [Tb2(tmh)6dpbp] in the solid 

state at room temperature excited at 355 nm (Nd:YAG laser). 

 

 

Figure 4-10 Emission decay curves of [EuTb(tmh)6dpbp] at a) 611 nm and b) 548 nm in the 

solid state excited at 355 nm. 
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Figure 4-11 Phosphorescence spectra of [Gd2(tmh)6] (black line), [Gd2(tmh)6dpbp] (red line) 

excited at 330 nm in the solid state at 100 K. 

 

4.3.3 Temperature-dependent luminescence 

Emission spectra of [EuTb(tmh)6dpbp] in the solid state at 100-400 K are 

shown in Figure 4-12. The luminescence intensity of 5D0→7F2 transition (610 nm) was 

larger than that of 5D4→7F5 transition (545 nm) at 100 K and decreased with increasing 

temperature. The luminescence color of [EuTb(tmh)6dpbp] gradually changed from red 

to green with increasing temperature, being different from the luminescence behavior of 

previously reported EuIII/TbIII MOFs and coordination polymers (color change: green to 

red) as shown in Figure 4-13.[6,8,9,25-28]  
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Figure 4-12 a) Emission spectra of [EuTb(tmh)6dpbp] at 100-400 K. b) The ratio of emission 

spectral area of 5D0→7F2 (AEu) to 5D4→7F5 (ATb) at 100-450 K for [EuTb(tmh)6dpbp] (circle) and 

the mixture of [Eu(tmh)3tppo] and [Tb(tmh)3tppo] (square).  
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Figure 4-13 Temperature-dependent luminescence of a) [EuTb(tmh)6dpbp] and b) previous 

reported ‘chameleon luminophore’.[9] 

 

 The unexpected color change is considered to be induced by the presence of 

a LMCT band in [EuTb(tmh)6dpbp]. Temperature-dependent emission spectra of a 

mixture of [Eu(tmh)3tppo] and [Tb(tmh)3tppo][15] were also evaluated to confirm the 

effect of the dinuclear structure on the luminescent color-changing phenomenon (Figure 

4-14). The mixture also showed red-to-green color change with increasing temperature. 

Figure 4-12b shows the ratio of the emission spectral area of 5D0→7F2 (AEu) to that of 

5D4→7F5 (ATb) for [EuTb(tmh)6dpbp] and the mixture. The value of AEu/ATb for 

[EuTb(tmh)6dpbp] was higher than those for the mixture below 300 K. The enhanced 

emission at 611 nm is assumed to be resulted from TbIII-to-EuIII energy transfer through 

dpbp ligand.  
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Figure 4-14 Emission spectra of a mixture of [Eu(tmh)3tppo] and [Tb(tmh)3tppo] in the solid state 

at 100-400 K. 

 

 According to previous reports by Brites et al., relative thermal sensitivity (Sr), 

temperature uncertainty (δT), and thermosensing repeatability (R) are given by the 

following equations.[29] 

𝑆" =
1
∆
&
𝜕∆
𝜕𝑇
& 	 	 	 (4 − 1) 

𝛿𝑇 =
1
𝑆.
𝛿∆
∆
	 	 	 (4 − 2) 

𝑅 = 1 −
max(|∆5 − ∆6|)

∆5
	 	 	 (4 − 3) 
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Here, Δ is called thermometric parameter, defined as Δ = I1/I2. I1 and I2 are the 

integrated intensities of two transitions. The value of 8∆
∆

 is dependent on the optical 

detector used for measurement and corresponds to 0.03% for photomultiplier. Δc is the 

mean thermometric parameter estimated from calibration curve, and Δi is the value of 

each measurement of the thermometric parameter. The values of Sr and δT were 

summarized in Table 4-3. The R was estimated from 10 consecutive emission spectral 

measurements (Figure 4-15), and the value of R was found to be 99.4%. 

 

 

Figure 4-15 The ratio of luminescence intensity (AEu/ATb) in 10 heating-cooling temperature 

cycle (200-250 K) in vacuum. 
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An energy diagram of [EuTb(tmh)6dpbp] are proposed in Figure 5. Under 

irradiation, the tmh ligand is excited to a singlet state, S1 (30,300 cm-1), and undergoes 

intersystem crossing to T1 (25,600 cm-1) owing to the large spin-orbit interaction of the 

TbIII-tmh unit. The triplet state of tmh ligands (Ttmh) generates excited 5D4 state of TbIII by 

photosensitized energy transfer, which is obviously shown by the excitation spectrum. 

Energy transfer from S1 to 5D4 also occurs although the rate constant is generally 

smaller than that from T1 to 5D4.[30] Energy transfer from S1 and T1 of tmh ligand to EuIII is 

not efficient because of state transition to LMCT that is main deactivation process in EuIII 

complexes. According to previous reports for temperature-dependent luminescence of 

the ‘chameleon luminophore’, the combination of TbIII with dpbp induces energy transfer 

from 5D4 to the triplet state of dpbp (Tdpbp).[9,11] The energy level of Tdpbp (22,100 cm-1) 

was higher than the emitting levels of TbIII (5D4: 20,500 cm-1) and EuIII (5D0: 17,300 cm-1). 

This energy balance with activation energy provides temperature-dependent energy 

transfer from TbIII to EuIII. In general, energy transfer through linker ligands (Steps 3 and 

4) promotes effective emission from EuIII. Excitation spectrum of [EuTb(tmh)6dpbp] 

monitored at 611 nm (5D0→7F2) shows photosensitized band in the UV region (Figure 

4-17). In addition, an emission spectrum of [EuTb(tmh)6dpbp] excited at 484 nm 

Table 4-3 Relative thermal sensitivity and temperature uncertainty for [EuTb(tmh)6dpbp] 

 88 K 150 K 200 K 250 K 300 K 350 K 400 K 

Sr [% K-1] 2.2 1.2 0.7 0.5 0.4 0.3 0.3 

δT [K] 0.01 0.03 0.04 0.06 0.08 0.1 0.1 
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(5D4←7F6) exhibited emission band based on 5D0→7F2 transition of EuIII (Figure 4-18). 

 

Figure 4-16 Energy diagram for [EuTb(tmh)6dpbp]. 

 

 
Figure 4-17 Excitation spectra of [Eu2(tmh)6dpbp] (red) and [EuTb(tmh)6dpbp] (black) 

monitored at 611 nm 
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Figure 4-18 Emission spectrum of [EuTb(tmh)6dpbp] excited at 484 nm. 

 

 According to the previous reports, energy transfer through dpbp promotes 

effective emission from EuIII.[9,28] In those EuIII/TbIII mixed complexes, the energy transfer 

efficiency increased with increasing temperature, resulting in gradual color change from 

green to red. The temperature-dependent energy transfer rate constants (kEnT) of 

[EuTb(tmh)6dpbp] were also calculated using emission lifetimes of [Tb2(tmh)6dpbp] 

and [EuTb(tmh)6dpbp] (Figure 4-19a) using following equation 4-1.[31]  

𝑘:;< =
1

𝜏EuTb
−

1
𝜏Tb

	 , (4 − 4) 

where τEuTb and τTb present the emission lifetimes of [EuTb(tmh)6dpbp] and , 

[Tb2(tmh)6dpbp], respectively. Recently, Rodrigues and co-workers calculated rate 

constants of energy transfer from TbIII to EuIII (5D4→5D0 and 5D4→5D1) using multipolar 

and exchange mechanism.[32] In this system, the relatively long distance between 

lanthanide ions in the crystal structure (the minimum is 10.2 Å) indicates that the 
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contribution of exchange mechanism is not much effective. The value of kEnT increased 

with increasing temperature above 350 K. The Arrhenius plot of kEnT indicated that 

[EuTb(tmh)6dpbp] presented temperature-dependent energy transfer with activation 

energy (Figure 4-19b). The Arrhenius analysis also suggests that the activation energy 

(3,700 cm-1) is attributed to back energy transfer from 5D4 to Tdpbp rather than that to Ttmh. 

In this study, unexpected red-to-green luminescence color change of 

[EuTb(tmh)6dpbp] was observed despite the temperature-dependent energy transfer 

from TbIII to EuIII. The color change is attributed to the state transitions from 5D0 to 

LMCT. 

 
Figure 4-19 a) Temperature-dependence of kEnT for [EuTb(tmh)6dpbp] and b) the Arrhenius 

plot. 
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A state transition from 5D0 to LMCT was found in previous studies.[12,14] The 

emission lifetime of [Eu2(tmh)6dpbp] at 100-400 K was measured for investigation of 

the state transition (Figure 4-20). The values of τobs in the range of 100-300 K were 

approximately constant, and the value decreased with increasing temperature above 

300 K. The temperature-dependent τobs for [Eu2(tmh)6dpbp] is similar to those for 

EuIII-tmh complexes in the previous study.[14] The decrease in τobs is based on the state 

transition from 5D0 to LMCT because the activation energy (2,900 cm-1) is smaller than 

the energy gap between 5D0 and Tdpbp. The author considers that the unexpected color 

change of [EuTb(tmh)6dpbp] is caused by the state transition process. The quenching 

process related to the LMCT state in [EuTb(tmh)6dpbp] provide unexpected 

thermosensitive luminescence and a wide sensing range (100-450 K) compared with 

that in the EuIII/TbIII coordination polymer.  
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Figure 4-20 a) Emission lifetimes at 100-400 K and b) their Arrhenius plot for [Eu2(tmh)6dpbp]. 
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4.4 Conclusion 

 The author successfully synthesized a dinuclear EuIII/TbIII complex with a 

seven-coordinate structure by means of binding two units of 

lanthanide-tetramethylheptanedionates through a bidentate phosphine oxide linker 

ligand. The observed luminescence color-change (red to green) with increasing 

temperature is based on the presence of LMCT state in combination of EuIII and tmh 

ligands. The LMCT state induces state transitions from 5D0 to LMCT. The presence of a 

LMCT band is effective for thermosensing measurements in a wide range. This study 

provides significant thermosensing ability and new aspect for an energy transfer 

process in the field of luminescent lanthanide complexes. 
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Chapter 5 
 

Summary 
 

 

5.1 Summary of the results and outlook 
The author aimed to achieve efficient luminescence in lanthanide complex by 

means of constructing low-symmetrical seven-coordinate structure. Photophysical 

relationship between luminescence properties and coordination polyhedra is described 

in this thesis. 

 

 In Chapter 1, coordination structures, in particular how to construct 

coordination polyhedra, for lanthanide complexes were introduced. The scientific 

background about luminescent lanthanide complexes was also described. 

 In Chapter 2, seven-coordinate lanthanide complexes with low-symmetrical 

structures are synthesized using tmh ligand. The seven-coordinate EuIII complex 

showed large radiative rate constant owing to its low-symmetrical coordinate geometry. 

The author confirmed that the high-vibrational C-H moiety in tmh ligand has little effect 

on vibrational relaxation because of the relatively long distance between a lanthanide 

ion and C-H group. The vibrational frequency of carbonyl double bond that directly binds 
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to lanthanide ion was assumed to be a key factor for suppression of vibrational 

relaxation. 

 In Chapter 3, the author successfully synthesized seven-coordinate EuIII 

complexes with three types of geometrical structure, attempted to reveal the 

relationship between radiative rate constant and geometrical structures. However, the 

photophysical properties were not dominated by the symmetry around coordination 

spheres. As a result of photophysical measurements and TD-DFT calculations, the 

radiative rate constants were found to be influenced by LMCT perturbation rather than 

low-symmetrical structure. The author presented a new strategy using LMCT 

perturbation for development of lanthanide materials with large radiative rate constant. 

 In Chapter 4, seven-coordinate dinuclear EuIII/TbIII complex was synthesized 

for introducing LMCT band into thermosensing performance. The dinuclear complex 

showed characteristic luminescence color change with increasing temperature (red at 

100 K and green at 300 K), which is different from typical EuIII/TbIII systems. The 

mechanism of temperature-dependent luminescence was illustrated by quenching 

process through LMCT state. The dinuclear complex provided unique color changing 

ability and new aspect for understanding photophysical process of lanthanide 

complexes. 

 

 Low-symmetrical seven-coordinate lanthanide complexes show efficient 

luminescence. In addition, a unit of EuIII-tmh exhibits characteristic LMCT band that 

enhances the transition probability of 4f-intraconfigurational emission. The molecular 



 126 

design guidance for efficient luminescence can be utilized for producing opto-electronic 

materials in future. This thesis gives the first study for luminescent lanthanide 

complexes with seven-coordinate structures, and will be helpful for understanding the 

photophysical properties of lanthanide compounds. 

 The author hopes that the described molecular designs and proposed 

photophysical mechanism in this thesis provide the progress in the field of luminescent 

materials.  
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