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Abstract: Large dissymmetry factor of the circularly polarized 

luminescence (gCPL) was observed in ligand and coordination tuned 

chiral tetrakis europium (Eu(III)) complexes with ammonium cations. 

The gCPL value was estimated to be −1.54, which is the largest among 

chiral luminescent molecules. Through photophysical measurements, 

single crystal X-ray structural analyses and quantum chemical 

calculations, changes in the geometric and electronic structures were 

observed for a series of chiral tetrakis Eu(III) complexes which 

enhanced the gCPL value. The emission quantum yield and 

photosensitized energy transfer efficiencies of chiral Eu(III) 

complexes with ammonium cations were also larger than that with 

previous Cs+. Based on the systematic modifications and analyses for 

chiral tetrakis Eu(III) complex, effect of the ammonium cation on 

enhanced CPL brightness is reported. 

Chiral luminophores exhibit circularly polarized luminescence 
(CPL), which originates from the differential emission intensity of 
left- and right-handed circularly polarized light.[1] The CPL attracts 
considerable attention for its potential applications in asymmetric 
photoreactions, plant growth, three-dimensional displays, bio-
imaging, and security inks.[2–4] The magnitude of the CPL is 
described using the dissymmetry factor (gCPL), which is defined by 
the following equation: 

𝑔CPL ൌ 2
𝐼୐ െ 𝐼ୖ
𝐼୐ ൅ 𝐼ୖ

   ሺ1ሻ 

where IL and IR are the intensities of left- and right-handed 

circularly polarized light, respectively.[1b,4c]  

In 2017, Isobe reported effective CPL properties of chiral 

cylindrical molecules (gCPL = −0.152, IL/IR = 46/54).[5] Piguet 

described chiral Cr(III) complexes with relatively large gCPL in 

2019 (gCPL = 0.2, IL/IR = 55/45).[6] Various types of chiral 

luminescent molecules have been synthesized.[4,7] At the present 

stage, the largest gCPL value was achieved for chiral 

tetrakis(camphorate) Eu(III) complexes with cesium ions in 

solution (gCPL = 1.38, IL/IR = 84/16)[8] and aggregates (gCPL = 1.45, 

IL/IR = 86/14).[9] Recently, we reported that the mixing of ligand-to-

metal charge transfer (LMCT) states into the 4f-4f configuration 

exerts an influence the CPL properties of chiral camphor-based 

Eu(III) complexes.[10] Optimizing the conditions for the 

coordination environment and the ligand/metal coupling in chiral 

tetrakis(camphorate) Eu(III) complexes opens up polarized-

luminescent materials with a large gCPL for various future industrial 

applications. 

Systematic modifications and improvements of molecular 

structure for Eu(III) complex with CPL property lead to open the 

frontier field of molecule chemistry and advanced photo-science 

in future. Herein, chiral tetrakis(camphorate) Eu(III) complexes 

with three chiral ligands and two types of ammonium cations are 

prepared (Figure 1a). Among the six chiral tetrakis(camphorate) 

Eu(III) complexes, TEA+[Eu(+tfc)4]− (TEA: tetraethylammonium, 

+tfc: (+)-3-trifluoroacetylcamphorate) exhibits the largest gCPL 

(gCPL = −1.54, IL/IR = 12/88), and allows the detection of the CPL 

by naked eye. Based on photophysical measurements, single 

crystal X-ray structural analyses, and quantum chemical 

calculations, effect of the ammonium cation on enhanced CPL 

brightness of chiral tetrakis Eu(III) complex is reported. 

First, three types of chiral tetrakis(camphorate) Eu(III) 

complexes with ammonium cations, TEA+[Eu(+tfc)4]−, 

TEA+[Eu(+pfc)4]−, and TEA+[Eu(+hfc)4]− (+pfc: (+)-3-

pentafluoropropionylcamphorate, +hfc: (+)-3-

heptafluorobutyrylcamphorate), were synthesized (Figure 1b).[7m] 

Single crystals of TEA+[Eu(+tfc)4]− and TEA+[Eu(+hfc)4]− suitable 

for X-ray diffraction measurements were obtained by 

recrystallization of an acetonitrile solution of these complexes. 

The crystal structure and crystallographic data are summarized in 

Figure 1c (TEA+[Eu(+tfc)4]−), 1d (TEA+[Eu(+hfc)4]−), and Table 

S1 in the Supporting Information.[11] These chiral Eu(III) 

complexes have eight-coordinate structures in which four chiral 

camphorate ligands are coordinated to one Eu(III) ion. One 

ammonium cation is present in the tetrakis(camphorate) Eu(III) 

unit. Several CH…F interactions between the fluorine atoms in 
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the ligands and the ammonium cations were observed. Shape 

measure calculations were performed to evaluate the geometrical 

structures around the Eu(III) ion (Table S2 in the Supporting 

Information).[12] The coordination geometries of these complexes 

are classified as square antiprism (SAP) structure. The 

configuration of the camphorate ligands in TEA+[Eu(+tfc)4]− is 

categorized as Λ-form. On the other hand, four fluoroalkyl chains 

in TEA+[Eu(+hfc)4]− were oriented toward the ammonium cation, 

which promoted the formation of the Δ-configuration. The 

orientation of the chiral Eu(III) complexes was characterized by 

the length of the fluoroalkyl chains.  

 

Figure 1. a) Conceptual design of this work. b) Chemical structures of the chiral Eu(III) complexes with ammonium cations. c, d) ORTEP drawings (top, ellipsoids 

are set at 50 % probability. Hydrogen atoms and solvent molecules are omitted for clarity) and coordination geometries (bottom) of c) TEA+[Eu(+tfc)4]− (Λ-form) and 

d) TEA+[Eu(+hfc)4]− (Δ-form).

The absorption and circular dichroism (CD) spectra of the 

Eu(III) complexes in chloroform solutions are shown in Figure 

2a. The absorption maxima are located at around 310 nm, 
corresponding to the π－ π* transitions of the camphorate 

ligands. In the CD spectra, TEA+[Eu(+tfc)4]− (with Λ-form) and 

TEA+[Eu(+hfc)4]− (with Δ-form) showed mirror images. These 

CD signals reflect the differences in the Δ- and Λ-form of the 

crystal structure. Additionally, the CD signals of 

TEA+[Eu(+pfc)4]− were similar to those of TEA+[Eu(+hfc)4]−, 

suggesting that the conformation of TEA+[Eu(+pfc)4]− was 

classified as the Δ-form. The emission spectra of the chiral 

Eu(III) complexes showed characteristic sharp bands based on 

the 4f-4f transitions (5D0→7FJ, J = 0-4) of the Eu(III) ions (Figure 

2b).[13] The sharper and slight red shift of emission bands of 

TEA+[Eu(tfc)4]- are based on the geometric structure. Shape 

measure calculation ratio between SAP and TDH (trigional 

dodecahedron) of TEA+[Eu(tfc)4]- and TEA+[Eu(hfc)4]-, SSAP/STDH 

values, were estimated to be 0.55 and 0.19, respectively 

(Supporting Information Table S2). The large SSAP/STDH value of 

TEA+[Eu(tfc)4]- provides structure of distorted SAP structure of 

the coordination geometry. The emission bands of 

TEA+[Eu(pfc)4]- agree with those of TEA+[Eu(hfc)4]-, resulting in 

the same coordination geometry as TEA+[Eu(hfc)4]- in liquid 

media. We consider that the emission spectral shapes are 

influenced by their coordination geometry ratio of SSAP/STDH. 

The photophysical parameters calculated from the 

emission spectra and emission lifetimes (obs) are summarized 

in Table 1 (for calculation method, see the Supporting 

Information). The calculated intrinsic emission quantum yields 

(Φf-f) of TEA+[Eu(+tfc)4]−, TEA+[Eu(+pfc)4]−, and 

TEA+[Eu(+hfc)4]− were found to be 17, 16, and 13%, respectively. 

Their values are larger than that of previously reported 

Cs+[Eu(hfc)4]-. The large Φf-f of chiral Eu(III) complexes with 

alkyl-ammonium cation is due to their smaller non-radiative rate 

constants. The photosensitized energy transfer efficiencies 

(sens) of chiral Eu(III) complexes with TEA and TEMA cations 

(39 - 61%) were also larger than that of Cs+[Eu(hfc)4]- (29%).  

In the CPL spectra of TEA+[Eu(+tfc)4]−, large negative (580 

- 600 nm) and positive (605 - 620 nm) signals were contributed 

by the 5D0→7F1 and 5D0→7F2 transitions, respectively (Figure 

2b). The gCPL of TEA+[Eu(+tfc)4]− corresponding to the 5D0→7F1 

transition (594 nm) was calculated to be −1.54, which is the 

largest |gCPL| value among reported chiral Eu(III) complexes. The 

large difference between IL and IR (IL/IR = 12/88) allows detection 

of the CPL by the naked eye using a digital camera equipped 

with bandpass filter (590 nm, FWHM: 10 nm),  rotatable λ/4 plate, 

and linear polarizer (Figure 2c).[4d] The gCPL values of 

TEA+[Eu(+pfc)4]− and TEA+[Eu(+hfc)4]− were estimated to be 

+1.28 and +1.45, respectively. We also prepared chiral Eu(III) 

complexes with TEMA+ (TEMA: triethylmethylammonium), 

TEMA+[Eu(+tfc)4]−, TEMA+[Eu(+pfc)4]−, and TEMA+[Eu(+hfc)4]−. 

The CPL properties of these complexes are also summarized in 

Table 2. The gCPL value of TEMA+[Eu(+tfc)4]− was also larger 

than those of TEMA+[Eu(+pfc)4]−, and TEMA+[Eu(+hfc)4]−.  

CPL performance of chiral Eu(III) complex is estimated 

using the CPL brightness with absorption transition process and 

the emission  quantum yield.[13] The CPL brightness BCPL is given 

by, 

𝐵஼௉௅ ൌ 𝛽௜ ൈ 𝜀ఒ ൈ 𝜙 ൈ
|௚಴ುಽ|

ଶ
, 𝛽௜ ൌ

ூ೔
∑ ூೕೕ

   ሺ2ሻ, 

where 𝜀ఒ and 𝜙 are extinction coefficient and emission quantum 

yield at the excitation wavelength, respectively. The 𝐼௜  is the 
integrated intensity of the considered transition and ∑ 𝐼௝௝  is the 

summation of the integrated intensities over all the transitions.[13]  
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Table 1. Photophysical parameters of chiral Eu(III) complexes in 2 mM chloroform solution. 

Compounds obs
[a] / ms 

Φ-
[b] / % 

(5D0→7F0-4) 

Φf-f / % 

(5D0→7F0-4) 
kr / s-1 knr / s-1 sens / % 

TEA+[Eu(+tfc)4]− 0.371 8.2 17 4.7×102 2.2×103 48 

TEA+[Eu(+pfc)4]− 0.317 6.3 16 5.0×102 2.7×103 39 

TEA+[Eu(+hfc)4]− 0.263 5.8 13 4.8×102 3.3×103 45 

TEMA+[Eu(+tfc)4]− 0.367 10.3 17 4.7×102 2.3×103 61 

TEMA+[Eu(+pfc)4]− 0.345 8.3 17 5.0×102 2.4×103 49 

TEMA+[Eu(+hfc)4]− 0.332 7.5 16 4.7×102 2.5×103 47 

Cs+[Eu(+hfc)4]− 0.204 2.6 9 4.4×102 4.5×103 29 

[a] Emission lifetimes were determined by fitting the emission decay curves to a single exponential function (Figure S4 in the Supporting Information). Excited at 

355 nm. [b] Excited at 370 nm. 1 mM. 

 

Figure 2. a) CD (top, 0.2 mM) and absorption (bottom, 0.2 mM), and b) CPL (top, 2 mM, λex = 350 nm) and emission (bottom, 2 mM, λex = 360 nm) spectra of 

TEA+[Eu(+tfc)4]− (black), TEA+[Eu(+pfc)4]− (red), and TEA+[Eu(+hfc)4]− (blue) in chloroform solution. c) Photographs of the emission of TEA+[Eu(+tfc)4]− (right) and 

TEA+[Eu(−tfc)4]− (left) in 2 mM chloroform solution. Under room light (top, without any optical filter), left (middle) and right (bottom) circularly polarized light (λex = 

365 nm).

These calculations are assumption under excitation-independent 

Φ-and gCPL. 

Calculated BCPL values of chiral tetrakis Eu(III) complexes 

are shown in Table 2. The CPL brightness (BCPL) at 5D0→7F1 

transition of TEA+[Eu(+tfc)4]− (gCPL = −1.54, BCPL = 223 M-1cm-1) is 

greater than that of the previously reported Cs+[Eu(+hfc)4]- (gCPL 

= +1.38,[8] BCPL = 66 M-1cm-1). The enhancement of CPL 

properties (gCPL, BCPL) is achieved through a two-step strategy: 

first, Cs+[Eu(+hfc)4]- → TEA+[Eu(+hfc)4]− (gCPL = −1.45, BCPL = 142 

M-1cm-1) by replacing Cs+ with TEA+, and then TEA+[Eu(+hfc)4]− 

→ TEA+[Eu(+tfc)4]− by substituting +hfc with +tfc ligand. In 

contrast to Cs+, which interacts with the +hfc ligand through both 

coordinate bonds with oxygen atoms and the CF…Cs+ 

electrostatic interactions,[8,14] and TEA+ is located above the +hfc 

ligand involved with the CH…F interactions. Achieving a balance 

between the interaction of the counter cation with the tetrakis 

europium anion and the ligand/metal coupling proves crucial for 

enhancing CPL properties. Therefore, we realized the 

improvement of CPL in the chiral tetrakis Eu(III) luminophore, 

attached with TEA+ and +tfc ligand. 

According to the Rosenfeld equation, rotational strength 

parameter of CPL depends on the scalar product of the magnetic 

dipole (MD) transition moment vector and an electric dipole (ED) 

transition moment vector.[15] At the present time, transition 

moment vectors of MD and ED of chiral Eu(III) complexes cannot 

be estimated, experimentally. The quantum chemical estimation 

of their transition moment vectors in Eu(III) complexes in liquid 

media are expected to well-understand the CPL mechanism.  

Here, we consider effect of the LMCT on CPL properties. 

TD-DFT calculations were performed using structures optimized 

at the ground state (Figure S5, Table S3 - S8 in the Supporting 

Information). Four LMCT excited states were calculated for each 

Eu(III) complex (Tables S9 - S17: TD-DFT calculations based on 

the optimized structure using SMD solvation model, Tables S18 – 

S20: TD-DFT calculations based on the crystal structure in the 

Supporting Information). These tables include excitation energies, 

magnitudes of electric and magnetic transition dipole moments 

(|𝝁| and |𝒎|), the angles between them (θ), and the gCPL values, 

estimated by the following equation: 

 

𝑔େ୔୐ ൌ 4
|𝝁||𝒎| ୡ୭ୱఏ

|𝝁|మା|𝒎|మ
   ሺ3ሻ. 

 

Additionally, the ligand orbitals primarily involved in each 

LMCT excitation are provided. It is important to note that these 
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excited eigenstates do not directly influence the f-f emission 

properties. However, LMCT configurations mixed into the f-f 

excited state can perturb the electric and magnetic transition 

dipole moments. For comparison, properties related to f-f 

transitions are also listed in Table S12. Typically, the magnitudes 

of electric transition dipoles for LMCT states are larger than those 

for f-f states, which are dipole forbidden, while the revise is true 

for magnetic dipoles. Among the four LMCT excited states, the 

second and third states exhibit larger electronic transition dipoles 

than the first and fourth states. This variance is associated with 

the ligand orbitals involved in the LMCT transition. In tetrakis 

ligands, two ligands opposite each other across the Eu atom pair 

up, sharing similar Eu-O distances, which mixes the π orbitals of 

each ligand pair, resulting in either the first two or the latter two 

ligand orbitals involved in the LMCT transition. Due to the SAP 

structure of the ligands, which are approximately perpendicular to 

each other, the energy difference between the two ligand-pair 

orbitals (one being an in-phase and the other an inverse-phase 

mixture) is small (Supporting Information Figure S12 – S17). The 
dipole integral ⟨Ψ୐୑େ୘|𝛼|Ψ଴⟩ ൌ ൻ𝜙୪୧୥ୟ୬ୢห𝛼ห𝜙ସ୤ൿ ሺ𝛼 ൌ 𝑥, 𝑦, or 𝑧ሻ  for 

one of these two ligand-to-4f transitions becomes significant, 

while it is approximately forbidden for the opposite transition. The 

incorporation of an allowed LMCT configuration into the f-f excited 

state may increase the electric transition dipole moment, thus 

influencing the gCPL value. The increase of the electric transition 

dipole moment is also supported by previous reports. Hatanaka 

demonstrated that 5D0→7F2 transition is sensitive to mixing of 

LMCT states.[16] The CPL characteristics of the 5D0→7F1 transition 

can be affected by LMCT perturbation through the J-mixing 

effect.[7n,17]  

In summary, CPL brightness of chiral tetrakis(camphorate) 

Eu(III) complexes were improved by addition of alkyl-ammonium 

cation. The alkyl-ammonium cation promotes enhancement of 

dissymmetry factor gCPL, 4f-4f and photosensitized emission 

quantum yields. The large CPL brightness of chiral tetrakis Eu(III) 

complexes with ammonium cation are expected to be useful for 

CPL performance under UV lamp or UV-LED irradiation. Further 

systematic evaluation of quantum chemical calculations of chiral 

tetrakis(camphorate) Eu(III) complexes should open-up well-

understandings the CPL mechanism of chiral lanthanide complex. 

These photophysical findings will provide further development of 

chiral Eu(III) complexes with strong CPL characteristics for 

application in next-generation luminescent materials. 

 

Table 2. Circularly polarized luminescence parameters of chiral Eu(III) 
complexes in chloroform solution. 

Compounds 
εmax 

/ cm-1M-1[a] 
7FJ

 gCPL
[b] 𝛽௜ 

BCPL [d] 

/ M-1cm-1 

TEA+[Eu(+tfc)4]− 38,000 J = 1 −1.54  0.093 223 

  J = 2 +0.23 0.53 190 

TEA+[Eu(+pfc)4]− 36,000 J = 1 +1.28 0.088 128 

  J = 2 −0.18 0.53 108 

TEA+[Eu(+hfc)4]− 37,000 J = 1 +1.45 0.091 142 

  J = 2 −0.22 0.54 127 

TEMA+[Eu(+tfc)4]− 38,000 J = 1 −1.49 0.095 277 

  J = 2 +0.19 0.57 212 

TEMA+[Eu(+pfc)4]− 36,000 J = 1 +1.21 0.092 166 

  J = 2 −0.18 0.54 145 

TEMA+[Eu(+hfc)4]− 37,000 J = 1 +1.46 0.093 188 

  J = 2 −0.23 0.52 166 

Cs+[Eu(+hfc)4]− 37,000 J = 1 +1.38 [c] 0.099 66 

  J = 2 −0.23 [c] 0.51 56 

[a] The εmax for [Eu(+tfc)4]− with TEA+ and TEMA+, [Eu(+pfc)4]− with TEA+ and 
TEMA+ and [Eu(+hfc)4]− with TEA+, TEMA+ and Cs+  are estimated by absorption 
measurements of TEMA+[Eu(+tfc)4]−, TEA+[Eu(+pfc)4]− and  TEMA+[Eu(+hfc)4]−, 
respectively. [b] λex = 350 nm, [c] Ref. 8. [d] The Φ- in Table 1 (λex = 370 nm) 
is used as 𝜙 value in equation 2 for calculation of BCPL. These calculations are 
assumption under excitation-independent Φ-and gCPL. 
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Chiral tetrakis Eu(III) complexes with ammonium cations 

exhibited large dissymmetry factor of the circularly polarized 

luminescence (gCPL = −1.54), which is the largest among chiral 

luminescent molecules. Based on the systematic modifications 

and analyses for chiral tetrakis Eu(III) complex, effect of the 

ammonium cation on enhanced CPL brightness is reported. 


