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Abstract 

The interest for lanthanide circularly polarized luminescence (CPL) has been quickly growing 

for ten years. However, very few of these studies have involved correlation between the 

dissymmetry factor (glum) and the chemical modifications in a series of chiral ligands. Four 

polymeric compounds of Eu(III) were prepared by using a series of binaphtyl derivatives for 

which the size of the  system as well as the number of stereogenic elements (i.e. the binaphtyl 

moiety) are modulated. The resulting {[Eu(hfac)3((S)/(R)-Lx)]}n (x = 1 and 3) and 

{[Eu(hfac)3((S,S,S)/(R,R,R)-Lx)]}n (x = 2 and 4) have been characterized by powder X-ray 

diffraction by comparison with the X-ray structures on single crystal of the Dy(III) analogues. 

In solution, the structure of the complexes is deeply modified and become monomeric. The 

nature of the ligand induces change in the shape of the CPL spectra in CH2Cl2 solution. 

Furthermore a large |glum| = 0.12 of the magnetic-dipole transition for the 

[Eu(hfac)3((S,S,S)/(R,R,R)-L2)] complex involving the ligand with three stereogenic elements 

and an extended 𝜋 system has been measured. This report also shows CPL measurements in 



solid-state for the series of {[Eu(hfac)3((S)/(R)-Lx)]}n (x = 1 and 3) and 

{[Eu(hfac)3((S,S,S)/(R,R,R)-Lx)]}n (x = 2 and 4) polymers.  

 

Keywords: Binol, Bisphosphate, Europium, Circular Dichroism, Circularly Polarized 

Luminescence 

 

1. INTRODUCTION 

 

The difference of intensity between the emissions of left- and right-circularly polarized light 

by chiral molecular materials defines the Circularly Polarized Luminescence (CPL).1,2 The 

growing interest for this kind of materials comes from their potential applications in 3D-

displays,3 data storage4 and biomolecular processes5,6. The dissymmetry factor (glum) is a 

convenient way to express the CPL activity with glum = 2(IL- IR)/(IL+IR), where IL and IR stand 

for the intensity of the left- and right-circularly polarized emissions, respectively. As a result 

from the previous expression, the glum factor ranges from -2 to +2 values. A wide variety of 

chiral organic molecules has been developed to observed CPL, for instance organic dyes,7-12 

helicenes,9,13-17 cyclohexane diamine18 and pyridinebisoxazoline19. Nevertheless, the glum 

values for such chiral organic molecules are often in the 10-4 to 10-2 range.20-22 Since the 4f-4f 

transitions are Laporte forbidden in the lanthanide compounds, both static and dynamic 

coupling mechanisms23,24 are at the origin of the electric dipole transition strength. The 

magnetic dipole transitions are allowed (as long as ΔJ = 0, ±1) and can dominate leading to 

larger rotatory strengths compared with the electric dipole ones, resulting in larger glum. The 

most known magnetic dipole transition which leads to large emission glum value is the 5D0 → 

7F1 transition within the 4f6 configuration of Eu(III). Thus, the highest value of glum=1.38 was 

measured for the Cs[Eu((+)-hfbc)4] complex (where hfbc=3-heptafluorobutylryl-(+)-

camphorato)25 and has motivated numerous CPL studies involving chiral europium 

complexes.6,26-34 The Laporte forbidden 4f-4f transitions have very weak absorption coefficient 

and their direct excitation can be inefficient. Then, the chiral ligand should act as an efficient 

organic chromophore for the lanthanide sensitization.35,36 Among the plethora of chiral organic 

chromophores able to both sensitize the lanthanide luminescence and to allow chiroptical 

properties,37,38 ligands with axial chirality such as the binaphtyl derivatives are good candidates. 

Indeed, their enantioselective preparations are easily accessible and several studies in the 

literature demonstrated that π → π* transitions can sensitize lanthanide luminescence and the 

resulting coordination compounds gave observable CPL.39-45 However, very few studies have 



involved correlation between the dissymmetry factor (glum) and the chemical modifications 

within a series of chiral ligands based on a common molecular platform.46,47 

 In the following lines, four chiral 1,1’-Bi-2-naphtol (BINOL)-derived bisphosphate 

ligands (((S)/(R))-Lx (x = 1 and 3) and ((S,S,S)/(R,R,R))-Lx (x = 2 and 4) ligands48) were selected 

to elaborate Eu(III)-based compounds (Scheme 1). Among this series of four ligands, the size 

of the -system as well as the number of stereogenic elements were modulated. The influence 

of the chiral ligand on the metal-centered CPL was investigated both in solution and solid-state. 

 

2. MATERIALS AND METHODS 

 

The precursors Eu(hfac)3(H2O)2 (hfac− = 1,1,1,5,5,5-hexafluoroacetylacetonate anion),49 

((S)/(R))-Lx (x = 1 and 3) and ((S,S,S)/(R,R,R))-Lx (x = 2 and 4) ligands48 were synthesized 

following previously reported methods. All other reagents were purchased from Merck Co., 

Inc. and used without further purification. All solid-state characterization studies (elementary 

analysis, IR, PXRD, magnetic susceptibility and photophysical measurements) were performed 

on dried samples and are considered without solvent of crystallization. 

The elemental analyses of the compounds were performed at the Centre Régional de Mesures 

Physiques de l’Ouest, Rennes. 

1H, 31P NMR and 19F NMR spectra were recorded using Bruker Avance spectrometers at 400 

MHz for 1H NMR, 376 MHz for 19F NMR and 162 MHz for 31P NMR. Chemical shifts (δ) are 

reported in parts per million (ppm) relative to TMS. The coupling constants (J) are given in 

hertz (Hz) and the corresponding multiplicity (s = singlet, d = doublet, t = triplet, m = multiplet). 

 

2.1 Preparation of the complexes {[Ln(hfac)3((S)/(R)-Lx)]}n (Ln = Eu and Dy) (x = 1-4) 

 

{[Eu(hfac)3((S)/(R)-L1)]}n ([(S)/(R)-1]n).  

32.4 mg (0.04 mmol) of [Eu(hfac)3(H2O)2] were added to a solution containing 30.0 mg (0.04 

mmol) of (S)-L1 or (R)-L1 in 2 mL of CH2Cl2. After 15 minutes of stirring, 80 mL of n-hexane 

were layered. After several days, the solution was slowly evaporated leading to a colourless and 

microcrystalline solid. 42.3 mg, 69 % yield for [(S)-1]n and 51.5 mg, 84 % yield for [(R)-1]n. 

Anal. Calcd (%) for C59H35EuF18O14P2 ([(S)-1]n): C 46.46, H 2.30; found: C 46.09, H 2.40. 

Anal. Calcd (%) for C59H35EuF18O14P2 ([(R)-1]n): C 46.46, H 2.30; found: C 46.14, H 2.36. 

Slow evaporation from a solution in CH2Cl2/n-hexane led to single crystals of [(R)-1]n suitable 

for X-ray diffraction studies. Representative I.R. (KBr; range 1800–400 cm-1): 1654 (s), 1591 



(m), 1558 (m), 1526 (m), 1489 (s), 1456 (w), 1254 (s), 1194 (s), 1144 (s), 1101 (m), 1079 (m), 

1029 (s), 1015 (s), 1005 (m), 994 (m), 968 (m), 951 (m), 902 (w), 875 (w), 869 (w), 850 (w), 

821 (m), 807 (m), 796 (m), 779 (m), 763 (m), 753 (m), 740 (w), 704 (w), 686 (m), 662 (m), 615 

(w), 585 (m), 558 (w), 554 (w), 526(w), 517 (w), 502(w), 495 (w), 482 (w), 464 (w) and 457 

(w) cm-1. [𝛼]𝐷
25 = +45 for [(S)-1] and [𝛼]𝐷

25 = −43 for [(R)-1] (c = 1.0, CHCl3).  

 

{[Eu(hfac)3((S,S,S)/(R,R,R))-L2)]}n ([(S,S,S)/(R,R,R)-2]n). 

A solution of 48.5 mg (0.06 mmol) of [Eu(hfac)3(H2O)2] in 5 mL of CH2Cl2 was added to a 

solution of 56.8 mg (0.06 mmol) of (S,S,S)-L2 or (R,R,R)-L2 in 5 mL of CH2Cl2. After 15 

minutes of stirring, 30 mL of n-hexane were layered. Slow diffusion led to colourless single 

crystals which were suitable for X-ray studies. 90.8 mg, 88 % yield in crystals for [(S,S,S)-2]n 

and 87.6 mg, 84 % yield in crystals for [(R,R,R)-2]n. Anal. calcd (%) for C75H39EuF18O14P2 

[(S,S,S)-2]n: C 52.36, H 2.27; found: C 52.31, H 2.31. I.R. Anal. calcd (%) for 

C75H39EuF18O14P2 [(R,R,R)-2]n: C 52.36, H 2.27; found: C 52.29, H 2.33. Representative I.R 

(KBr, range 1800–400 cm-1): 1654 (s), 1591 (w), 1555 (m), 1527 (m), 1491 (s), 1256 (s), 1201 

(s), 1147 (s), 1102 (m), 1074 (m), 1027 (m), 1018 (m), 992 (m), 971 (w), 962 (w), 808 (w), 798 

(m), 778 (w), 754 (m), 741 (w), 687 (w), 661 (m), 586 (m), 527 (w), 507 (w) and 466 (w) cm-

1. [𝛼]𝐷
25 = +131 for [(S,S,S)-2] and [𝛼]𝐷

25 = −141 for [(R,R,R)-2] (c = 1.0, CHCl3). 
1H NMR 

(400 MHz, CD2Cl2) δ 11.52 (s, 2H), 8.96 (s, 2H), 8.59 (s, 2H), 8.38 (s, 2H), 8.07 (d, J = 8.6 Hz, 

4H), 7.86 (d, J = 7.2 Hz, 4H), 7.58 (t, J = 7.6 Hz, 2H), 7.45 (d, J = 8.2 Hz, 2H), 7.33 (t, J = 7.7 

Hz, 2H), 7.28 – 7.16 (m, 6H), 7.04 (t, J = 7.7 Hz, 2H), 6.95 (d, J = 10.4 Hz, 4H), 6.52 (s, 4H), 

6.05 – 5.93 (m, 2H), 2.44 (d, J = 50.7 Hz, 3H) (Figure S1). 31P NMR (162 MHz, CD2Cl2) δ -

105.41 (Figure S2). 19F NMR (376 MHz, CD2Cl2) δ -80.45 (Figure S3). 

 

{[Eu(hfac)3((S)/(R))-L3)]3}n ([(S)/(R)-3]n).  

32.4 mg (0.04 mmol) of [Eu(hfac)3(H2O)2] were added to a solution of 30.3 mg (0.04 mmol) of 

(S)-L3 or (R)-L3 in 2 mL of CH2Cl2. After 15 minutes of stirring, 80 mL of n-hexane were 

layered. After several days, the solution was slowly evaporated leading to a colourless and 

microcrystalline solid. 42.4 mg, 69 % yield for [(S)-3]n and 45.3 mg, 74 % yield for [(R)-3]n. 

C177H129Eu3F54O42P6 [(S)-3]n: C 46.24, H 2.81; found: C 46.09, H 2.90. C177H129Eu3F54O42P6 

[(R)-3]n: C 46.24, H 2.81; found: C 46.12, H 2.87. Representative I.R. (KBr, range 3200–400 

𝑐𝑚−1): 3077 (w), 2937 (w), 2863 (w), 1653 (s), 1591 (w), 1555 (m), 1527 (m), 1491 (s), 1256 

(s), 1201 (s), 1147 (s), 1102 (m), 1075 (m), 1027 (m), 1018 (m), 992 (m), 971 (w), 962 (w), 

808 (w), 798 (m), 778 (w), 755 (m), 741 (w), 687 (w), 661 (m), 586 (m), 529 (w), 507 (w) and 



466 (w) 𝑐𝑚−1. [𝛼]𝐷
25 = −9.2 for [(S)-3] and [𝛼]𝐷

25 = +9.4 for [(R)-3] (c = 1.0, CHCl3). 
1H 

NMR (400 MHz, CD2Cl2) δ 11.52 (s, 4H), 8.74 (s, 4H), 8.43 – 7.99 (m, 4H), 7.05 – 6.56 (m, 

12H), 3.40 (s, 3H), 2.93 (d, J = 17.3 Hz, 2H), 2.72 (dq, J = 12.9, 6.5 Hz, 4H), 2.32 (d, J = 17.0 

Hz, 2H), 1.93 – 1.61 (m, 6 H), 1.50 (s, 2H) (Figure S4). 31P NMR (162 MHz, CD2Cl2) δ -147.12 

(Figure S5). 19F NMR (376 MHz, CD2Cl2) δ -79.95 (Figure S6). 

 

{[Eu(hfac)3((S,S,S)/(R,R,R))-L4)]}n ([(S,S,S)/(R,R,R)-4]n).  

A solution of 5 mL of toluene containing 58.3 mg (0.06 mmol) of (S,S,S)-L4 or (R,R,R)-L4 was 

added to a suspension of 48.5 mg (0.06 mmol) of [Eu(hfac)3(H2O)2] in 3 mL of toluene. The 

resulting solution was stirred for 15 minutes. Slow diffusion of n-pentane led to colourless 

crystals suitable for X-ray studies. 67.9 mg, 65 % yield in crystals for [(S,S,S)-4]n and 73.1 mg, 

70 % yield in crystals for [(R,R,R)-4]n. Anal. calcd (%) for C75H63EuF18O14P2 ([(S,S,S)-4]n): C 

51.64, H 3.61; found: C 51.75, H 3.66. Anal. calcd (%) for C75H63EuF18O14P2 ([(R,R,R)-4]n): 

C 51.64, H 3.61; found: C 51.71, H 3.55. Representative I.R. (KBr, range 3200–400 𝑐𝑚−1): 

2938 (m), 2863 (w), 1655 (s), 1556 (m), 1527 (m), 1501 (m), 1469 (m), 1255 (s), 1208 (s), 1148 

(s), 1102 (m), 1073 (w), 1056 (m), 1015 (m), 993 (m), 969 (m), 909 (w), 890 (w), 832 (w), 797 

(w), 663 (m), 587 (w) and 528 (w) 𝑐𝑚−1. [𝛼]𝐷
25 = +13 for [(S,S,S)-4] and [𝛼]𝐷

25 = −13 for 

[(R,R,R)-4] (c = 1.0, CHCl3). 
1H NMR (400 MHz, CD2Cl2) δ 9.20 (s), 8.27 (s,), 7.88 – 6.48 

(m), 3.61 – 2.54 (m), 2.51 – 2.26 (m), 2.25 – 1.46 (m) (Figure S7). 19F NMR (376 MHz, CD2Cl2) 

δ -79.97 (Figure S8). 

 

2.2 X-ray Structure Analysis 

Single crystal were mounted on a D8 VENTURE Bruker-AXS diffractometer for cell 

determination for [(S)/(R)-3]n (Table S1) and data collection for {[Dy(hfac)3((S)-L3)]3}n (Table 

S2) (MoKα radiation source, λ = 0.71073 Å) from the Centre de Diffractométrie X (CDIFX), 

Université de Rennes 1, France. Structures were solved with direct methods using the SHELXT 

Program50 and refined with a full matrix least-squares method on F2 using the SHELXL-14/7 

program.51 Crystallographic data for the structure reported in this paper have been deposited 

with the Cambridge Crystallographic Data Centre (insert CCDC 2093298). Copies of the data 

can be obtained, free of charge, on application to the Director, CCDC, 12 Union Road, 

Cambridge CB2 1EZ, United Kingdom (Fax: 44-1223-336033 or e-mail: 

deposite@ccdc.cam.ac.uk. X-ray diffraction (XRD) patterns for all samples were recorded at 

room temperature in the 2θ range 5–30° with a step size of 0.026° and a scan time per step of 

600 s using a PANalytical X’Pert Pro diffractometer (Cu-L2,L3 radiation, λ = 1.5418 Å, 40 kV, 



40 mA, PIXcel 1D detector). Data collector and HighScore Plus software were used, 

respectively, for recording and analyzing the patterns. 

 

2.3 Spectroscopic Analysis  

Optical rotations were recorded with a Perkin Elmer Model 341 polarimeter. Absorption spectra 

were recorded on a JASCO V-650 spectrophotometer in diluted solution by using 

spectrophotometric grade solvents. Electronic circular dichroism (ECD) was measured on a 

Jasco J-815 Circular Dichroism Spectrometer (IFR140 facility – Biosit-Université de Rennes 

1). Emission spectra were measured using Horiba-Jobin–Yvon Fluorolog-3 fluorimeter. The 

steady-state luminescence was excited by unpolarized light from a 450 W xenon continuous 

wave (CW) lamp and detected at an angle of 90° for dilute solutions (10 mm quartz cuvette) or 

solid (4 mm quartz tube) by using a Hamamatsu R928 PMT detector. Scattered excitation light 

was filtered thanks to appropriate long-pass filters. Luminescence decay plots were obtained by 

pulsed excitation using a FL-1040 UP Xenon Lamp and lifetimes were obtained by an 

exponential least-squares fitting using Origin®.  

A homemade CPL apparatus based on a standard photo-elastic modulator (PEM 100 from 

Hinds company) – polarizer arrangement1 was used. The samples are excited with low cost 

unpolarized UV LED. The emitted light is collected with a lens and directs to the PEM and the 

following Glan polarizer (neutral axes at 45 degrees of that one of the PEM). A second lens 

focus the light on the entrance slit of a monochromator (Cornerstone 260 from Newport). A 

photomultiplier tube (PM Hamamatsu R1477-06) is used as detector and the electric signal is 

measured by a Keythley multimeter for the DC signal UDC and a Standford SR830 LockIn 

Amplifier for the 1f modulated signal U1F. The fluorescence signal is given by the DC part of 

the signal while the CPL is the U1F corrected by factor of sqrt(2) and the first kind Bessel 

function J1(2.405), where 2.405 is the retardance amplitude of the PEM.1 Two excitation 

schemes are used for liquid or powder samples. UV LED is fixed on the “back” side of the 

cuvette. This allows a longitudinal excitation scheme without any polarization selection and an 

easy alignment. For solid state samples, the carefully ground powder is deposited on the sample 

holder (a glass covered sample) placed at around 45 degrees of the collection angle and the UV 

light is placed at the opposite. 

 

3. RESULTS AND DISCUSSION 

3.1 Structural Analysis 

 



The X-ray structure of [(R)-1]n
52 and the dysprosium analogues of [(S,S,S)-2]n and [(S,S,S)-

4]n
53 were previously determined on single crystal and their purity phase was checked for both 

enantiomers by powder X-ray diffraction. The quality of the single crystals of [(S,S,S)-2]n, [(S)-

3]n and [(S,S,S)-4]n did not allow a satisfying refinement of the structures. Their isostructural 

and purity phases were checked by powder X-ray diffraction (Figures S9-S11). For [(S,S,S)-

4]n, fast loss of crystallographic solvent molecules led to a loss of crystallinity of the powder 

(Figure S11) and a determination of the cell parameters was done (Table S1). Finally suitable 

single crystals of the dysprosium analogue of [(S)-3]n were obtained and its X-ray structure is 

described in Supporting Information (Figures S12 and S13). The isostructural and purity phases 

of [(S)-3]n were checked by powder X-ray diffraction (Figure S14). 

 

Scheme 1. Molecular structures of the (S)-enantiomer of the four polymers obtained in the solid 

state [(S)-1]n, [(S,S,S)-2]n, [(S)-3]n and [(S,S,S)-4]n. 

 

3.2 Optical Analysis 

3.2.1 UV-visible Absorption and CD measurements 



The UV-visible absorption and ECD spectra for the complexes [(S/R)-1], [(S,S,S/R,R,R)-

2], [(S/R)-3] and [(S,S,S/R,R,R)-4] in CH2Cl2 solution are presented in Figures S15-S18. It was 

previously demonstrated by NMR studies and DFT calculations that the coordination polymer 

{[Eu(hfac)3(S/R-L1)]}n is fragmented to monomeric species by its solubilization.52 The 

suggested structure of the monomeric specie is depicted in Figure S19. The fragmentation of 

the polymeric structure is accompanied with a reorganisation of both hfac- anions and 

binaphtyl-based ligand. The latter acts as a bidentate ligand (Figure S19). Thus, n = 1 for the 

complexes in solution. The experimental absorption curves for the two enantiomers of each 

complexes are composed of broad bands localized at the intermediate energy range of 30–40 

000 cm−1 and at high energy (above 43–45 000 cm−1) which are mainly attributed to the π–π* 

transitions of the binaphthyl-like moieties with a contribution of the π–π* transitions of the hfac- 

anions known to be localized at 33000 cm-1.54 It is worth to notice that the maxima of the 

highest-energy absorption bands are not observed in the experimental  25000-45000 cm-1 range 

for the complexes involving the partially hydrogenated ligands ([(S/R)-3] and [(S,S,S/R,R,R)-

4]) (Figures S17a and S18a). 

ECD spectra confirm the enantiomeric nature of the complexes in CH2Cl2 solution at room 

temperature. A correspondence between the ECD and absorption bands can be observed. The 

ECD signals of the complexes with the fully aromatic ligands [(S/R)-1] and [(S,S,S/R,R,R)-2] 

appear more intense. However, the most intense ECD signals for [(S/R)-3] and [(S,S,S/R,R,R)-

4] are expected at a higher energy which are out from the experimental energy range. Similarly 

to what was observed for [Dy(hfac)3((S)/(R)-L1)] and [Dy(hfac)3((S,S,S)/(R,R,R)-L3)],52,53 the 

ECD signals centred at 30000 cm-1 (333 nm) and 34000 cm-1 (294 nm) for (S)/(R)-L1 and 

(S,S,S)/(R,R,R)-L3 are exalted after the coordination of the achiral Eu(hfac)3 unit in [(S/R)-1] 

and [(S/R)-3]. The same is not observed for [(S,S,S/R,R,R)-2] and [(S,S,S/R,R,R)-4]. This 

might be justified by admitting that the ligands with one stereogenic element undergo a larger 

structural change after coordination to the Eu(hfac)3 units in solution. The largest absolute 

values of the dissymmetry factor gabs display magnitude order of 10−3 (Equation 1, Table 1): 

gabs = / = (L - R)/(1/2(L + R)) eq. 1 

where  = L - R is the difference between the left (L) and right (R) molar absorption 

coefficients at the absorption wavelength. 

 



Table 1 Largest average absolute values of the dissymmetry factor gabs in CH2Cl2 solution 

for the two enantiomers of the ligand and related complexes [(S/R)-1], [(S,S,S/R,R,R)-2], 

[(S/R)-3] and [(S,S,S/R,R,R)-4].  

Ligands and Complexes Largest gabs factor Selected wavelength (nm) 

(S)/(R)-L1 /* 333 

(S,S,S)/(R,R,R)-L2 3.80  10-3 260 

(S)/(R)-L3 /* 333 

(S,S,S)/(R,R,R)-L4 1.10  10-3 244 

[(S/R)-1] 1.41  10-3 333 

[(S,S,S/R,R,R)-2] 3.50  10-3 260 

[(S/R)-3] 1.14  10-3 333 

[(S,S,S/R,R,R)-4] 1.24  10-3 244 

* Too weak to be measurable at 333 nm 

 

These observations reveal that the metal change induces minimal structural variations.55 

Thus, all complexes present similar largest gabs values. The complexes [(S/R)-1] (1.41  10-

3) and [(S/R)-3] (1.14  10-3) display a strong increase for the gabs values compared to the 

ligands at 30030 cm-1 (333 nm), coherently with the increase observed for the ECD signals 

(Table 1). Conversely, the complexes [(S,S,S/R,R,R)-2] (3.5  10-3) and [(S,S,S/R,R,R)-4] 

(1.24  10-3) exhibit the same order of magnitude for gabs than the ligands (S,S,S)/(R,R,R)-L2 

and (S,S,S)/(R,R,R)-L4 respectively at 38461 cm-1 (260 nm) and 40984 cm-1 (244 nm) (Table 

1). These observations could support that the ligands with one stereogenic element undergo a 

larger structural change than the ligands with three stereogenic element after coordination to 

the Eu(hfac)3 units in solution. 

 

3.2.2 Luminescence and CPL measurements 

For all complexes, red light emission can be visually detected upon excitation at 280 nm 

(35714 cm-1) in CH2Cl2 solution and room temperature. The population of the emissive metal 

state is reasonably achieved by antenna effect sensitisation.56 The characteristic bands 

associated with the 5D0→
7FJ (J = 0-4) transitions for an Eu(III) ion are observed (Figures 1a-

4a) with the most intense hypersensitive J=2 band.57 The minor differences observed between 

the spectra (e.g. splitting, shape, relative peak intensities) can be ascribed to the structural 

variations provoked by the enantiopure ligands.57 



 

Figure 1. (a) Total emission and (b) CPL spectra measured in CH2Cl2 solution under 280 nm 

(35714 cm-1) irradiation at room temperature for [(S)-1] (gray line) and [(R)-1] (black line). 

Inset: magnification of the range 640−710 nm (15625−14085 cm-1). 

 

 

Figure 2. (a) Total emission and (b) CPL spectra measured in CH2Cl2 solution under 280 nm 

(35714 cm-1) irradiation at room temperature for [(S,S,S)-2] (light blue line) and [(R,R,R)-2] 

(dark blue line). Inset: magnification of the range 640−710 nm (15625−14085 cm-1). 



 

The Gaussian shape for the single 5D0→
7F0 transition of [(S/R)-1] (Figure S20a) indicated 

the presence of a single species in dichloromethane solution assigned to a monomeric structure 

according to the combined NMR and DFT studies previously published.52 By analogy, the 

single 5D0→
7F0 transition observed for the others compounds [(S,S,S/R,R,R)-2], [(S,R)-3] and 

[(S,S,S/R,R,R)-4] (Figure S20b-d), suggests the formation of the monomeric compounds in 

solution for the complete series. The 5D0→
7F2 transitions depict a significant hypersensitivity, 

which is commonly reported for europium 𝛽-diketonato complexes (Figure S20a-d).58 The 

shape of the 5D0→
7F2 transition is similar for the species [(S/R)-1] and [(S,R)-3], or 

[(S,S,S/R,R,R)-2] and [(S,S,S/R,R,R)-4]. Nevertheless the ratio R of the intensities of the 

transition 5D0→
7F2 and 5D0→

7F1 (R = I(5D0→
7F2)/I(

5D0→
7F1)) is found close for all the 

compounds i.e. 23.0 for [(S/R)-1], 21.8 for [(S,S,S/R,R,R)-2], 20.6 for [(S,R)-3] and 20.2 for 

[(S,S,S/R,R,R)-4], highlighting a similar symmetry of the Eu(III) site in the compound series. 

It is worth noticing that a value of R > 10 is commonly observed for Eu(III) -diketonate 

complexes.59-64 The emission decay curves can be fitted by mono-exponential functions (Figure 

S21) confirming the presence of single spectroscopic Eu(III) site and thus supporting the 

existence of single monomeric species in solution. The order of magnitude of the observed 

lifetimes (obs) is the same for all the samples (Tables 2 and 3). The obs magnitude is coherent 

with the values observed for some literature tris(𝛽-diketonate) complexes with ligands bearing 

P=O donor groups.39 

 

Table 2. Experimental lifetime (obs) for the europium compounds in CH2Cl2 solution excited 

at 330 nm (30303 cm-1). 

Compounds obs (ms) 

(S) enantiomer (R) enantiomer 

[(S/R)-1] 0.61 0.66 

[(S,S,S/R,R,R)-2] 0.48 0.46 

[(S/R)-3] 0.66 0.64 

[(S,S,S/R,R,R)-4] 0.47 0.48 

 

The differential emission between left and right circularly polarized light for all the 

Eu(III) complexes was measured in solution at room temperature.  



 

Figure 3. (a) Total emission and (b) CPL spectra measured in CH2Cl2 solution under 280 nm 

(35714 cm-1) irradiation at room temperature for [(S)-3] (light red line) and [(R)-3] (dark red 

line). Inset: magnification of the range 640−710 nm (15625−14085 cm-1). 

 

 

Figure 4. (a) Total emission and (b) CPL spectra measured in CH2Cl2 solution under 280 nm 

(35714 cm-1) irradiation at room temperature for [(S,S,S)-4] (light green line) and [(R,R,R)-4] 

(dark green line). Inset: magnification of the range 640−710 nm (15625−14085 cm-1). 

 



Symmetrical CPL signals are recorded for each enantiomeric pair (Figures 1-4b). Thus, the 

following discussion is given for the (S) enantiomers. Except for the 5D0→
7F0 transition that is 

not visible in CPL, a correspondence between the CPL and luminescence transitions can be 

clearly detected (Figures 1-4). Similarities between the compounds are observed in the CPL 

studies as well. For instance, the main signals of the 5D0→
7F1 transition is positive (+) for the 

complexes [(S)-1] and [(S)-3]. It is worth to notice that more than 3 contributions could be 

observed for the 5D0→
7F1 transition. Such fact might be due to the flexibility of the coordination 

system in solution and/or to vibronic contribution. At the same transitions, the first contribution 

is more intense than the second. At the 5D0→
7F2 transition, four signals with signs 

negative/positive/negative/negative (−/+/−/−) are identified. A certain correspondence in shape 

and sign is also observed for the 5D0→
7F3 and 5D0→

7F4 transitions. The CPL spectra of the 

compounds [(S,S,S)-2] and [(S,S,S)-4] are similar in shape and sign. For instance, the signs of 

the main 5D0→
7F1 and 5D0→

7F2 transitions are (+) and (−), respectively. The sign relation is 

conserved also for the 5D0→
7F3 and 5D0→

7F4 transitions. Furthermore, the first contributions 

of the 5D0→
7F1 transitions are less intense than the last, differently than for [(S)-1] and [(S)-3]. 

By comparing all the complexes, the largest CPL signals at the 5D0→
7F1 are (+). At the 5D0→

7F3 

transition all the compounds display similar features. Conversely, the sign and intensity at the 

5D0→
7F4 transition seem dependent on the nature of the chiral ligand (e.g. (+/−/+/+) for [(S)-1] 

and [(S)-3] and (−/+/−) for [(S,S,S)-2] and [(S,S,S)-4]. In other words, the general feature of 

the CPL spectra might be associated with the number of stereogenic elements, one for [(S)-1] 

and [(S)-3] and three for [(S,S,S)-2] and [(S,S,S)-4]. In other words, the feature of the CPL 

spectra might depend of the steric hindrance of the ligand which leads to variation of the 

coordination sphere around the Eu(III) centre. 

The glum values are reported in Tables S4-S7. As commonly observed,65 the glum values 

at the magnetic-dipole transition 5D0→
7F1 are the largest. At this transition, the average glum 

values between the two enantiomers for [(S/R)-1] (maxglum = 4.710-2 at 591 nm), [(S/R)-3] 

(maxglum = 2.810-2 at 592 nm) and [(S,S,S/R,R,R)-4] (maxglum = 5.310-2 at 594 nm) 

display comparable values which approach the literature data for similar systems.39,40 

Conversely, the glum values for [(S,S,S/R,R,R)-2] (maxglum = 0.12 at 595 nm) are remarkably 

increased. At the 5D0→
7F1 transition the following trend could be proposed looking at the larger 

glum values (maxglum) of each compound maxglum[(S,S,S/R,R,R)-2] > maxglum[(S,S,S/R,R,R)-

4] > maxglum[(S/R)-1] > maxglum[(S/R)-3] (Table 3). Analyzing the proposed maxglum 

values trend, one might propose that the ligand with -extended system/more rigid system and 



three stereogenic elements might benefit the glum magnitude at the magnetic transition. The 

glum values at the other transitions do not seem affected by the change of the ligand (Tables 

S4-S7).  

 

Figure 5. (a) Total emission and (b) CPL spectra measured in solid-state under 340 nm (29412 

cm-1) irradiation at room temperature for [(S)-1]n (gray line) and [(R)-1]n (black line). Inset: 

magnification of the range 640−710 nm (15625−14085 cm-1). 

 

 

Figure 6. (a) Total emission and (b) CPL spectra measured in solid-state under 340 nm (29412 

cm-1) irradiation at room temperature for [(S,S,S)-2]n (light blue line) and [(R,R,R)-2]n (dark 

blue line). Inset: magnification of the range 640−710 nm (15625−14085 cm-1). 



 

The luminescence properties of the four polymeric compounds were also studied in the solid 

state. Irradiation at 340 nm (29412 cm-1) of [(S/R)-1]n, [(S,S,S/R,R,R)-2]n, [(S,R)-3]n  and 

[(S,S,S/R,R,R)-4]n led to the observation of the characteristic Eu(III) centered emission 

(Figures 5a-8a). 

The emission single-decay curves (Figure S22) allow to determine obs values of the same 

order of magnitude than in solution (Table S8). Comparable solid state obs values are reported 

for some similar literature species.66,67 

The CPL emission is also studied in solid state for the four polymers [(S/R)-1]n, 

[(S,S,S/R,R,R)-2]n, [(S,R)-3]n  and [(S,S,S/R,R,R)-4]n (Figures 5b-8b). In most of the 

transitions the CPL signs of [(S/R)-1]n and [(S,R)-3]n or [(S,S,S/R,R,R)-2]n and [(S,S,S/R,R,R)-

4]n are the same while they appear inverted for a given enantiomer when comparing the 

polymers involving the binaphtyl ligands with one stereogenic elements and those involving 

three stereogenic elements. The CPL spectra for the three compounds [(S/R)-1]n, [(S,R)-3]n and 

[(S,S,S/R,R,R)-4]n display a relatively similar profile. The glum values are reported in Tables 

S9-S12 and the |glum| magnitudes for the four compounds are comparable. Indeed, maxglum 

values, which correspond to the magnetic-dipole transitions, are 0.024 (at 594.7 nm), 0.028 (at 

595.4 nm), 0.016 (at 592.6 nm) and 0.024 (at 590.8 nm) for [(S/R)-1]n and [(S,R)-3]n or 

[(S,S,S/R,R,R)-2]n and [(S,S,S/R,R,R)-4]n, respectively (Table 3).  

 

Figure 7. (a) Total emission and (b) CPL spectra measured in solid-state under 340 nm (29412 

cm-1) irradiation at room temperature for [(S)-3]n (light red line) and [(R)-3]n (dark red line). 

Inset: magnification of the range 640−710 nm (15625−14085 cm-1).  



 

 

Figure 8. (a) Total emission and (b) CPL spectra measured in solid-state under 340 nm (29412 

cm-1) irradiation at room temperature for [(S,S,S)-4]n (light green line) and [(R,R,R)-4]n (dark 

green line). Inset: magnification of the range 640−710 nm (15625−14085 cm-1). 

 

Table 3. Selected parameters of the (chir)optical properties for the four Eu(III) compounds. 

 Solution (n=1) Solid-state 

 gabs Lifetime maxglum Lifetime maxglum 

[(S/R)-1]n 1.4110-3 0.64 ms 4.710-2 0.78 ms 2.410-2 

[(S,S,S/R,R,R)-2]n 3.5010-3 0.47 ms 0.12 0.55 ms 1.610-2 

[(S,R)-3]n 1.1410-3 0.65 ms 2.810-2 0.80 ms 2.810-2 

[(S,S,S/R,R,R)-4]n 1.2410-3 0.48 ms 5.310-2 0.66 ms 2.410-2 

* The given values are average values for the two enantiomers. 

 

The electric-dipole transitions show glum values of 4.810-3 (at 613.4 nm), 8.910-4 (at 

612.5 nm), 2.010-3 (at 612.8 nm) and 3.910-3 (at 612.9 nm) for [(S/R)-1]n and [(S,R)-3]n or 

[(S,S,S/R,R,R)-2]n and [(S,S,S/R,R,R)-4]n, respectively. 

One could remark that the two compounds involving the ligands with three stereogenic 

elements inverted their CPL contribution signs from solution to solid-state. Inversion of CPL 

sign was already observed in the literature depending of the solvent nature,68 aggregation69 and 

matrix nature.70 Nevertheless the conversion of the polymeric nature of the compounds in solid-



state into monomeric one in CH2Cl2 solution which is accompanied with a drastic 

reorganization of the Eu(III) coordination sphere as well as the coordination mode of the chiral 

ligand lead to absence of obvious relation between CPL measurements in solution and solid-

state. 

 

4. CONCLUSION 

 

In conclusion, four polymeric compounds of formula {[Ln(hfac)3((S)/(R)-Lx)]}n (x = 1-4) 

have been synthetized and characterized by PXRD. Their CPL spectra have been recorded in 

both CH2Cl2 solution and solid-state. The shape of the CPL spectra in solution can be classified 

depending of the number of stereogenic centers of the chiral ligand. The extraction of the glum 

factor highlighted that the highest values correspond to the magnetic-dipole transitions as 

expected and the highest |glum| value has been found for the complex involving the chiral ligand 

with the most extended 𝜋 system and three stereogenic elements. To the best of our knowledge, 

the [(S,S,S/R,R,R)-2] complex displays the highest glum = 0.12 observed for an Eu(hfac)3-based 

compound involving a binaphtyl-based ligand.  

Solid-state CPL measurements revealed inversion of sign for most of the contributions for 

[(S,S,S/R,R,R)-2]n and [(S,S,S/R,R,R)-4]n compared to [(S/R)-1]n and [(S,R)-3]n as well as 

significant difference with CPL spectra in solution that can be explained by the conversion of 

the polymeric structures in solid-state into monomers in solution.   
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