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35 
36 Abstract 
37 
38 In this contribution, the synthesis, the Density Functional Theory (DFT) structural characterization 
39 
40 and the spectroscopic investigation of chiral and heteroleptic Tb(III) and Eu(III) complexes are 
41 presented. These molecules are characterized by two different ligands: the enantiopure N,N′-bis(2- 
43 pyridylmethyl)-trans-1,2-diaminocyclohexane-N,N′-diacetic acid (H2bpcd) and a hydroxycoumarin- 
44 
45 based ligand bearing different substituents in C(3) position (i.e. acetyl group in Coum, ethyl ester in 
46 
47 CoumA, secondary and tertiary amide in CoumB and CoumC, respectively). The coumarin ligands 
48 exhibited different luminescence sensitization efficiency towards Tb(III) and Eu(III) ions in the 
49 
50 related complexes of chemical formula [Ln(bpcd)(Coum)], [Ln(bpcd)(CoumA)], 
51 
52 [Ln(bpcd)(CoumB)], [Ln(bpcd)(CoumC)]. Through theoretical calculations of intramolecular energy 
53 transfer (IET) processes (ligand-to-metal) in Eu(III) and Tb(III) complexes, along with quantum yield 
55 calculations, we provide a reasonable explanation for the observed differences in their luminescent 
56 
57 properties. The nature of the coumarin ligand also affects the chiroptical properties of the Tb(III) 
58 
59 complexes [i.e. Circularly Polarized Luminescence (CPL) and Electronic Circular Dichroism (ECD)]. 
60 
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1 
2 
3 Introduction 
4 
5 
6 

Despite a large number of contributions in the literature concerning the optical and chiroptical 
8 properties of trivalent lanthanide-based chiral coordination compounds, these molecules are still 
9 
10 strongly attracting many research groups working in the field of luminescent materials with potential 
11 
12 biological1–6 and technological applications, also including the design of organic light-emitting diodes 
13 (OLEDs) emitting circularly polarized (CP) light.7–19 For these applications, large values of the 
15 Circularly Polarized Luminescence brightness (BCPL) factor,20 are sought and big efforts are still 
16 
17 lavished to obtain highly efficient chiroptical complexes of lanthanide(III) exhibiting strong optical 
18 
19 signals amenable to CPL measurements and practical applications. High values of molar extinction 
20 coefficient (ε), overall quantum yield21 (Φovl), and dissymmetry factor22 (glum) contribute to providing 
22 high BCPL. Ln(III)-based CPL has some unique and ideal features, which can make it easier to obtain 
23 
24 luminescence possessing a very high level of polarization, closer to the highest possible value of glum 
25 
26 (glum = 2 max.), if compared to common chiral organic molecules. This is because the quantity which 

27 governs the CPL activity of a transition i→j, is its rotational strength 𝑅𝑖𝑗, that is the imaginary part of 
29 the dot product 𝑅𝑖𝑗 = ℑ{𝝁𝑖𝑗 ∙ 𝒎𝑗𝑖} between the electric, 𝝁𝒊𝒋, and magnetic, 𝒎𝑗i, transition dipoles and 
30 
31 it is proportional to the difference of intensity of left (IL) vs. right (IR) CP-light emitted. Whilst the 
32 
33 most prominent electronic transitions of organic molecules often have only a relatively small 
34 magnetic dipole (compared to the electric one), in suitable environments Ln(III) may couple with 
36 ligand (induced) electric dipoles, so that the emitted light can gain a sizeable rotational strength.23 

37 
38 The largest glum for a particular system is always reached when |𝝁𝒊𝒋| = |𝒎𝑗i|. Sizeable values of both ε 
39 
40 and Φovl are usually obtained thanks to the employment of chromophoric ligands capable of both 
41 strongly absorbing the exciting radiation (usually in the UV spectral region) and to efficiently transfer 
42 
43 excitation to a suitable accepting excited level of the lanthanide ion (antenna effect). Finally, it is also 
44 
45 important to verify that the emitting level of these ions is not depopulated by the Multiphonon 
46 Relaxation Process (MRP)24 or other non-radiative mechanisms. Some of us recently published a 
48 paper in which the Tb(III) luminescence can be efficiently sensitized employing hydroxycoumarin- 
49 
50 based antenna (Coum, in Figure 1; Φovl around 55%) while the required light circular polarization at 
51 
52 546 nm is triggered by the enantiopure N,N′-bis(2-pyridylmethyl)-trans-1,2-diaminocyclohexane- 
53 N,N′-diacetic acid (H2bpcd) ligand.23,25 

55 In the present contribution, we investigated the optical and chiroptical properties of a new family of 
56 
57 heteroleptic Eu(III) and Tb(III) complexes containing the bpcd ligand and three different 
58 

hydroxycoumarin-based analogs of the already studied Coum ligand (Figure 1).25 The coumarins 
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60 differ by the nature of the substituent in C(3) position. This substituent is an ester moiety in CoumA, 
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1 
2 
3 a secondary or tertiary amide, in the case of CoumB or CoumC, respectively (Figure 1). These 
4 
5 structural differences are reflected in the different spectroscopic behaviour of the related complexes 
6 

(i.e. a different efficiency of the antenna effect towards the metal ions). Also, the impact of the 
8 different substituents on the chiroptical properties of the Tb(III) complexes has been evaluated. 
9 
10 Finally, the most stable structures in methanol solution for each complex have been obtained by 
11 
12 means of time-dependent DFT (TD-DFT) calculations, also considering possible isomerism due to 
13 the presence of stereogenic sp3 nitrogen atoms in the bpcd molecule. Additionally, the rates of all 
15 possible ligand-to-metal energy transfer channels have been theoretically evaluated, alongside a rate 
16 
17 equations model to obtain the quantum yield, to provide a deeper understanding of the different 
18 
19 sensitization efficiencies observed across the family of coumarin antennae. 
20 
21 
22 
23 
24 Experimental section 
25 
26 
27 EuCl3·6H2O and TbCl3·6H2O (Aldrich, 98%), GdCl3·6H2O (Aldrich, 99.99%) and 2- 
29 thenoyltrifluoroacetyl-acetone (Htta, Alfa aesar, 98%) were stored under vacuum for several days at 
30 
31 80°C and then transferred in a glove box. 
32 
33 Both the enantiomers of N,N′-bis(2-pyridylmethyl)-trans-1,2-diaminocyclohexane-N,N′-diacetic acid 
35 (H2bpcd) ligand, in the form of trifluoroacetate salt, were synthesized as previously reported in the 
36 
37 literature.26 Coum ligand precursor was synthesized as previously reported in the literature.25 

38 
39 
40 ESI-MS. Electrospray ionization mass spectra (ESI-MS) were recorded in methanol solutions on a 
41 
42 Waters Micromass ZQ 4000 operating in positive ion mode. Experimental conditions: 3.53 kV ES- 
43 
44 probe voltage, 20 V cone potential, 200 L h−1 flow of N2 spray-gas, incoming-solution flow 20 μL 
45 min−1. 
47 The synthesis and characterization of the other coumarin ligands are reported in the Supporting 
48 
49 Information file (pages S2-S12). 
50 
51 The complexes have been synthesized as follows: 
52 At room temperature, EuCl3·6H2O (0.057 g, 0.16 mmol, 1 equiv.), or TbCl3·6H2O (0.058 g, 0.16 
54 mmol, 1 equv.) or GdCl3·6H2O (0.058 g, 0.16 mmol, 1 equiv.) was added to a previously prepared 
55 
56 methanol solution containing KOH (0.035 g, 0.62 mmol, 4 equiv.) and H2bpcd (S,S or R,R) (0.100 g, 
57 
58 0.16 mmol, 1 equiv., as trifluoroacetate salt). In another flask, 1 equiv. of Coumarin [(A 0.037 g; B 
59 0.034 g; C 0.041 g), 0.16 mmol)] was solubilized in methanol and added to a solution of NaOMe [for 
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1 
2 
3 Coumarin A and C(0.011 g, 0.16 mmol, 1 equiv.)] or NaOEt [for Coumarin B (0.008 g, 0.16 mmol, 
4 
5 1 equiv.)], in the same solvent (10 mL). The deprotonated Coumarin (A, B or C) ligand was slowly 
6 

added to the solution containing the Ln(III) complex. The final mixture was stirred at room 
8 temperature for 2 h. Then, the solvent was removed under reduced pressure, and the desired product 
9 
10 was obtained as a yellow powder upon extraction in dichloromethane (8 × 3 mL) followed by solvent 
11 
12 removal in vacuo. All the products were obtained with yields in the 91-93% range. 
13 
14 
15 Luminescence and decay kinetics. Room temperature luminescence was measured with a Fluorolog 
16 
17 3 (Horiba-Jobin Yvon) spectrofluorometer, equipped with a Xe lamp, a double excitation 
18 
19 monochromator, a single emission monochromator (mod. HR320), and a photomultiplier in photon 
20 counting mode for the detection of the emitted signal. All the spectra were corrected for the spectral 
22 distortions of the setup. The spectra in solution were recorded on methanol (50 μM) solutions. 
23 
24 In decay kinetics measurements, a Xenon microsecond flashlamp was used and the signal was 
25 
26 recorded through the multichannel scaling method. True decay times were obtained using the 
27 convolution of the instrumental response function with an exponential function and the least-square- 
29 sum-based fitting program (SpectraSolve software package). Low temperature (77 K) luminescence 
30 
31 and decay kinetics of the Ln(III) excited states were measured with an Edinburgh FLS1000 
32 

spectrofluorometer equipped with both continuous and pulsed Xe lamp, a double excitation 
34 monochromator, a single emission monochromator and a photomultiplier in photon counting mode 
35 
36 for the detection of the emitted signal. 
37 
38 
39 Circularly Polarized Luminescence. CPL spectra were recorded with the homemade 
41 spectrofluoropolarimeter described previously.27 The measurements were carried out in 1 mM 
42 
43 methanol solutions. All samples were irradiated at 254 nm in a 1 cm semi-micro (aperture 4 mm) 
44 
45 optical glass cells using the following parameters: scan speed 0.5 nm/sec, integration time 2 sec, 
46 photomultiplier tube driving voltage 500 V, accumulations 4. 
48 
49 
50 Electronic Circular Dichroism. ECD spectra were recorded with a Jasco J1500 spectropolarimeter 
51 
52 on CH3OH 1 mM solutions in a 0.02 cm-cell. 
53 
54 
55 
56 Overall quantum yield measurements. Overall quantum yields were measured by adopting the 
57 relative method. Fluoresceine in NaOH 0.1M (fluorescence quantum yield: 0.9) was used as standard. 
59 Absorption spectra were collected with a Perkin Elmer Lambda 650 UV-Vis spectrophotometer. 
60 

Emission spectra were recorded with an Edinburgh FLS1000 fluorometer and were corrected for the 
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1 
2 
3 excitation intensity and the detector sensitivity. The samples were dissolved in methanol, keeping 
4 
5 their absorbance lower than 0.1. Within the instrumental error (±10%), we obtained the same values 
6 

of overall quantum yield for the two enantiomers. 
8 
9 
10 Theoretical section 
11 
12 
13 DFT calculations. All molecular structures of the complexes were obtained utilizing DFT 
15 calculations run in Gaussian 16 (version A.03).28 In previous works5,25,26,29,30 the paramagnetic Eu(III) 
16 
17 ion was replaced by Y(III) which is a suitable substitute. This choice is also supported by the 
18 
19 isostructural complexes found with analogous hexa-dentate ligands EDTA and CDTA. In the crystal 
20 structures with the latter two ligands,31–33 Y(III) and Eu(III) ions are 9-coordinated with EDTA 
22 (ligand and 3 water molecules bound to the metal) and 8-coordinated with CDTA (2 bound waters). 
23 
24 Since Y(III) has a smaller ionic radius than Eu(III) and Tb(III), also the calculations for the same 
25 

complexes with the larger La(III) ion were carried out. To determine the solvent molecules bound to 
27 the complexes, also the geometries of [Ln(bpcd)(Coum)]·4H O (with L = Y, La), where water 
28 
29 molecules replaced methanol, were considered. 
30 
31 The functional B3LYP34,35 was used with the 6-31+G(d) basis set for all ligand atoms and MWB28 
32 pseudopotential and valence electrons basis set for the metal ions.36,37 Geometry optimizations were 
34 carried out at the DFT level with a polarizable continuum model (PCM) to simulate solvation.38 

35 
36 As in a previous work,39 the excited states (T1 and S1) energies were obtained employing the time- 
37 
38 dependent DFT approach (TD-DFT) on the [Y(bpcd)L] complexes using the same level of theory as 
39 in the geometry optimizations, as it was shown that B3LYP functional provides good prediction of 
41 UV-Vis spectra of coumarin derivatives.40 

42 
43 
44 
45 Intramolecular energy transfer calculations. The energy transfer rates for [Ln(bpcd)CoumA∙H2O] 
46 and [Ln(bpcd)CoumB∙H2O], where Ln = Eu3+ and Tb3+, were calculated according to the procedures 
47 
48 described previously.41 With the help of the TD-DFT results, the donor state of the ligand can be 
49 
50 localized and the donor-acceptor distances (𝑅𝐿 in Å) can be properly calculated through Eqs. S3–S5 
51 (see Supporting Information). The JOYSpectra web platform (http://joyspectra.website) was 
53 employed to perform the calculations.42 

54 
55 
56 
57 Multiphonon rates. The multiphonon decay rates (𝑊𝑚𝑝) between adjacent Ln(III) states were 
58 estimated using the Miyakawa-Dexter model (Eq. S9) within the framework of the Energy Gap Law 
60 (Eq. S8).43,44 

http://joyspectra.website/
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1 
2 
3 
4 
5 Rate equations model and overall quantum yield calculations. The rates of all possible ligand-to- 
6 

metal energy transfers, multiphonon processes, and lifetimes were incorporated into a rate equations 
8 model (Eqs. S10–S14), following the procedure outlined in reference 45. This model was 
9 
10 implemented in Python, and the code is provided in the Supporting Information. The theoretical 
11 
12 overall quantum yield was then evaluated from the steady-state populations of the emitting and 
13 ground levels (Eq. S16). 
15 
16 
17 Results and discussion 
18 
19 
20 Synthesis and DFT structure of the complexes 
22 Both enantiomers (S,S or R,R) of [Ln(bpcd)(CoumA)], [Ln(bpcd)(CoumB)], and [Ln(bpcd)(CoumC)] 
23 
24 complexes (Figure 1) have been obtained in very high chemical yields and high degrees of purity, as 
25 

confirmed by ESI-MS data (Figures S1-S3). 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
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3 Figure 1. Ln(III) complexes discussed in this work. The R,R enantiomers are shown for all, but both 
4 
5 enantiomers are considered in this work. 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
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1 
2 
3 DFT calculations have been carried out to obtain structural information on the [Ln(bpcd)L] (L = 
4 
5 Coum, CoumA-C) complexes by studying the diamagnetic Y(III) and La(III) analogues of the Eu/Tb 
6 

complexes. As previously pointed out,25 several isomeric forms can be present, depending on the 
8 arrangement of the pyridine and acetate groups in bpcd ligand (trans-O,O, trans-N,N and cis- 
9 
10 OO,NN). These isomers hosting the CoumA and CoumB ligands (Figure 2) present a negligible 
11 
12 difference in energy (�E < 0.6 kcal mol−1), so a mixture should be present in solution. In the case of 
13 
14 the [Y(bpcd)(CoumC)] complex, the trans-NN and cis-OO,NN isomers result in ~1.5 kcal mol−1 

15 lower in energy than the trans-O,O one, likely due to the presence of the bulky diethylamino- group. 
16 
17 The calculated number of coordinated methanol molecules (vide infra) is 1.2, 0.7 and 0.6 for Tb(III) 
18 
19 which has an ionic radius more similar to the Y(III) model compound. In our previous work25 the 
20 [Y(bpcd)(Coum)]·4H2O complexes discarded the coordination of water to the metal ion. Moreover, 
22 it was shown that in the [La(bpcd)(Coum)] 4H2O structures, the trans-OO and trans-NN isomers can 
23 
24 bind two water molecules, while only one is observed in the cis-OO,NN one. Here, again it appears 
25 
26 that La(III) complexes can accommodate one or two water molecules as shown in Figure S4. This 
27 result is in agreement with the higher number of methanol molecules found for Eu (1.3, 1.1, 1.5 and 
29 1.2 for Coum and CoumA-C respectively, see Table 2) with respect to Tb (0.7, 1.2, 0.7 and 0.6), 
30 
31 accounting for the slightly bigger ionic radius of the former ion. 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
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1 
2 
3 
4 
5 trans-O,O trans-N,N cis-OO,NN 
6 a) b) c) 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 d) e) f) 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 g) h) i) 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 Figure  2.  Minimum  energy  structures  of  the  isomers  of  the  [Y(bpcd)(CoumA)]  (a-c), 
48 [Y(bpcd)(CoumB)] (d-f) and [Y(bpcd)(CoumC)] (g-i) complexes obtained from DFT calculations. 
50 Hydrogen atoms of the Y(bpcd)+ moiety are hidden for clarity. 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
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1 
2 
3 Spectroscopic characterization 
4 
5 
6 
7 S1 
8 
9 

and T1 energy positions of the coumarins 

10 To determine the position of the main singlet and triplet excited states of the coumarin ligands (S1 
12 and T1), we collected the RT absorption and the 77 K emission spectra of the four Gd(III)-based 
13 
14 complexes (Figure 3). The relative energy position of the aforementioned states has been determined 
15 
16 employing the tangent method on the above discussed spectra, that allows to obtain the S0→S1 and 
17 T1→S0 zero-phonon transition energies. The position of the triplet and singlet excited states for the 
19 family of coumarin ligands are around 30000 and 26000 cm-1, respectively (Table 1). As previously 
20 
21 demonstrated by some of us, at higher energy (close to 37000 cm-1), an additional electronic transition 
22 

involving the molecular orbitals localized on bpcd ligand can be exploited to sensitize the Eu(III)39 

24 and Tb(III)26 luminescence (not discussed here). 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 Figure 3. RT absorption spectra in methanol (50 µM) (dotted lines) and 77 K phosphorescence 
56 spectra in organic glass (EtOH/MeOH = 4:1) (solid lines) of [Gd(bpcd)(Coum*); Coum* = Coum, 
57 
58 CoumA, CoumB and CoumC]. 
59 
60 
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1 
2 
3 Even though only small differences in the position of S1 and T1 are observed, we can see a regular 
4 
5 increase of the Δ(S1- T1) energy gap, passing from Coum (2660 cm-1) to Coum C (3804 cm-1) (Table 
6 

1 and Fig.S5). We also determined the triplet state lifetime upon collection at 77K of the luminescence 
8 decay curve at 420 nm (around 24000 cm-1) upon excitation at 310 nm (around 32000 cm-1), in the 
9 
10 coumarin main absorption band25,46 (Figure S6). As the decay curves deviate significantly from the 
11 
12 single exponential behavior, the average decay times have been evaluated using the formula reported 
13 previously.47 All the reported lifetimes are in the ms range and therefore compatible with a spin- 
15 forbidden T1→S0 electronic transition. Only [Gd(bpcd)(CoumB)], with a triplet lifetime of around 
16 
17 3.2 ms, shows a significant deviation from the average value of 4 ms (Table 1). 
18 
19 
20 Table 1. Spectroscopic data related to singlet and triplet excited states of the ligands in Gd(III) 
22 coumarin-based complexes. 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 Photophysical features and sensitization mechanism 
39 
40 
41 The luminescence excitation and emission spectra of methanol solution (50 µM) of the Tb(III)- and 
42 
43 Eu(III)-based complexes under investigation are reported in the Figures 4 and S7. Upon excitation of 
44 
45 the coumarin moiety (at 300 nm) the typical f-f emission bands stemming from the 5D4 level of Tb(III) 
46 and 5D0 level of Eu(III) are observed, indicating the presence of a ligand-to-metal energy transfer 
48 (LMET) process for both ions and involving all the coumarins. Do note though that, in the emission 
49 
50 spectra of the Eu(III) complexes, a small broad band, attributable to ligand fluorescence, around 400 
51 
52 nm is present. The calculated quantum yield related to the ligand fluorescence upon excitation at 300 
53 nm are lower than 1% {0.4% for [Eu(bpcd)(CoumA)], 0.5% for [Eu(bpcd)(CoumB)], 0.7% for 
54 
55 [Eu(bpcd)(CoumC)] and non-detectable for [Eu(bpcd)(Coum)}. 
56 
57 
58 
59 
60 

 
Ligand 

Energy position (cm-1) Δ(S1-T1) (cm−1) 
T1 state lifetime 

(ms) 

S1 T1 

Coum 29287 26627 2660 3.8 

CoumA 30487 26863 3624 4.0 
CoumB 30360 26695 3665 3.2 

 CoumC 29766 25962 3804 4.2 
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1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 Figure 4. Room temperature excitation (left, λem = 546 nm) and emission spectra (right, λexc = 300 
39 nm) of (S,S) Tb(III)-based complexes in methanol solution (6 μM) (up) and room temperature 
40 
41 excitation (left, λem = 614 nm) and emission spectra (right, λexc = 300 nm) of Eu(III)-based complexes 
42 
43 in methanol solution (6 μM) (bottom). The emission spectra of the Eu(III) complexes are normalized 
44 to the value of the absorbance of the solutions at 295 nm (lower than 0.1). 
46 
47 
48 The most relevant photophysical properties of the complexes are measured also in deuterated 
49 
50 methanol and are collected in Table 2. Based on the Judd-Ofelt theory,48 the estimation of τrad is 
51 directly feasible only in the case of Eu(III) ion49,50 and therefore the ΦLn, which is equal to τobs/τrad, 
53 can be reported only for it. Analogously, since the efficiency of the sensitization of the Ln(III) 
54 
55 luminescence (ηsens) is equal to Φovl/ΦLn we can report in the table the precise values of ηsens only for 
56 
57 the Eu(III)-based complexes. As for the Tb(III) complexes however, considering that Φovl is always 
58 ≤ ΦLn, and therefore ηsens ≥ Φovl, we report in the table 2 a range of possible ηsens values (7th column 
60 of Table 2). 
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28 

40 

47 

54 

1 
2 
3 
4 
5 Table 2. Main photophysical data for the complexes under investigation dissolved in methanol (50 
6 
7 µM). τobs is the observed lifetime, τrad is the radiative lifetime, m is the number of methanol molecules 

8 in the inner coordination sphere, ΦLn is the intrinsic quantum yield, Φovl is the overall quantum yield 
10 considering Ln(III) emission only and ηsens (Φovl/ΦLn) is the sensitization efficiency of the antenna.a 

11 
12 in CH3OH, b in CD3OD. 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 [Eu(bpcd)(CoumA)] 0.82(1)a 2.47(7)a 1.1 33a 6a 2a 

27 1.44(1)b 2.54(3)b 57b 5b 3b 

29 
30 
31 Coum B 

[Tb(bpcd)(CoumB)] 1.75(1)a 

2.05(1)b 

0.7 62-100a 

77-100b 

62a 

77b 

32 
33 [Eu(bpcd)(CoumB)] 0.71(1)a 

34 1.48(1)b 

35 

2.43(1)a 

2.37(9)b 

1.5 29a 7a 2a 

62b 8b 5b 

36 
37 
38 Coum C 

[Tb(bpcd)(CoumC)] 1.80(1)a 

2.08(1)b 

0.6 26-100a 

33-100b 

26a 

33b 

39 
[Eu(bpcd)(CoumC)] 0.79(1)a 

41 1.40(1)b 

42 
43 
44 

2.75(6)a 

2.70(7)b 

1.2 29a 

52b 

1a <1a 

1b <1b 

45 By measuring the observed lifetimes in methanol (τMeOH) and deuterated methanol (τCD3OD), it is 
46 possible to determine the number of solvent molecules in the proximity of the metal ion (m) by means 
48 of the equation reported in the literature51 [m = 2.1(1/τMeOH - 1/τCD3OD) for Eu(III) and m = 8.4(1/τMeOH 
49 
50 - 1/τCD3OD) adapted for Tb(III)]. Interestingly, the experimental m clearly decreases from Eu (1.3-1.5) 
51 
52 to Tb (0.6-0.7) in the case of complexes containing Coum; CoumB and CoumC. As already 
53 documented25 this evidence agrees with the hypothesis that small changes in ionic radius here (Tb(III) 
55 is slightly smaller than Eu(III)) determine a different number of coordinated solvent molecules in the 

Coumarin Complex τobs (ms) τrad (ms) m ΦLn(%) ηsens(%) Φovl(%) 

 
Coum 

[Tb(bpcd)(Coum)] 

 
[Eu(bpcd)(Coum)] 

1.42(1)a 

1.59(1)b 

0.80(1)a 

 

 
2.42(1)a 

0.7 

 
1.3 

 

 
33a 

53-100a 

65-100b 

21a 

53a 

65b 

7a 

  1.40(1)b 2.41(3)b  58b 19b 11b 

 
Coum A 

[Tb(bpcd)(CoumA)] 1.60(1)a 

2.07(1)b 

 1.2  35-100a 

47-100b 

35a 

47b 
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59 

56 
57 complex. On the contrary, in the case of CoumA-based complexes, there is no change in the value of 
58 

m (around 1) upon changing the metal ion. 
60 
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7 

9 

14 

21 

32 

39 

52 

57 

1 
2 
3 Despite the similar core structure of the coumarins antennae, the different substituents in the lateral 
4 
5 chain significantly affect the values of the Φovl. Firstly, all coumarins better sensitize the Tb(III) 
6 

luminescence than the one of Eu(III). In addition, the best antenna for Tb(III) is represented by the 
8 secondary amide CoumB (ηsens not lower than 62% in methanol), whilst the tertiary amide CoumC is 
10 the worst one (ηsens not lower than 26% in methanol). 
11 
12 While the Tb(III) compounds exhibit moderate to high Φovl, the Eu(III) analogues show very low 
13 values. One potential explanation for this discrepancy could be the presence of a ligand-to-metal 
15 charge transfer (LMCT) state, which might interrupt the sensitization process and lead to 
16 
17 luminescence quenching in Eu(III) compounds.52 However, our analysis revealed that no LMCT band 
18 
19 was detectable in the spectra.25 Experiments supported this conclusion: i) the Φovl of fluorescence for 
20 Gd(III) complexes were found to be comparable to those of Eu(III) complexes, albeit at very low 
22 levels ([Ln(bpcd)(CoumA)]: Φovl = 0.4% for Eu(III) and Φovl = 0.7% for Gd(III); 
23 
24 [Ln(bpcd)(CoumB)]: Φovl = 0.5% for Eu(III) and Φovl = 1% for Gd(III); [Ln(bpcd)(CoumC)]: Φovl = 
25 
26 0.7% for Eu(III) and Φovl = 1.4% for Gd(III)); ii) the absorption spectra in the UV range of Gd(III) 

27 and Eu(III)-based complexes are fully superimposable. 
28 
29 
30 Additionally, the fluorescence lifetimes of the ligand for both Gd(III) and Eu(III) complexes were 
31 

similar, falling within the nanosecond range, although we approached the instrumental limits for 
33 decay curve collection. Notably, the fluorescence peak profiles were identical for both Gd(III) and 
34 
35 Eu(III) complexes. The expected impact of an LMCT band near the S1 state of coumarin ligands 
36 
37 would significantly alter the fluorescence decay for Eu(III), but this was not observed. Furthermore, 
38 while the fluorescence quantum yields should theoretically be affected by the presence of an LMCT 
40 state, the differences between Gd(III) and Eu(III) remain minimal. Finally, it is important to note that 
41 
42 the strong phosphorescence observed at 77 K for Gd(III) complexes is entirely absent at room 
43 
44 temperature. 
45 
46 In order to understand the reasons beyond the different sensitization efficiency of the family of 
47 
48 coumarin antennae, according to the procedures described previously,39,41 we calculated the energy 
49 
50 transfer rates of Eu(III) and Tb(III) complexes containing two coumarins which significantly differ 
51 by the sensitization efficiency (i.e. CoumA and CoumB, chosen as representative). Even if in the case 
53 of [Tb(bpcd)(CoumB)] we determined a number of coordinating solvent molecules slightly lower 
54 
55 than one, in the calculations we decided to consider one coordinating solvent molecule for each 
56 

investigated complex (here water is used to model methanol). Furthermore, to simplify the 
58 computational model, only the minimum energy structures of the trans-N,N isomer of the La(III)- 
59 
60 based counterparts are taken into account. 
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7 

9 

14 

21 

35 

40 

47 

53 

1 
2 
3 Figure S13 shows the molecular orbitals (MOs) compositions associated with the first triplet (T1) and 
4 
5 first singlet (S1) for La(III) analogs. It can be noted that both S1 and T1 states (see unoccupied MOs) 
6 

are spread through the CoumA and CoumB ligands, being these ligands responsible for the ligand- 
8 to-Ln energy transfer processes. Among all transitions, the S1 state of [La(bpcd)(CoumB)] H2O is the 
10 only one characterized by an electronic charge displacement. This transition brings the charge spread 
11 
12 in the whole organic ligands (including the bpcd molecule) to a more confined part in the CoumB 
13 ligand. This may be the reason behind the rising of the calculated S1 energy for CoumB-based 
15 complex (34000 cm−1). Such a difference between the calculated and experimentally determined 
16 
17 energy positions of T1 and S1 (compare data in Table 1 and Figure S13) can be attributed to the 
18 
19 absence of intermolecular interactions in the DFT/TD-DFT calculations. Generally, intermolecular 
20 interactions can cause the electronic density of a molecule to spread more among molecules, resulting 
22 in lower energy for the excited states. 
23 
24 This explanation justifies the observed energy differences and, more importantly, helps us to 
25 
26 understand where the S1 and T1 states are spatially localized throughout the ligands in a single 

27 molecule, allowing us to extract the donor-acceptor distance from the TD-DFT calculation. 
28 
29 Once we have the compositions of molecular orbitals (MOs), we can determine the donor-acceptor 
30 
31 distance (𝑅𝐿)53 as illustrated in Figure S14. In the case of the CoumA compound, the centroid of the 
32 
33 MOs for the S1 and T1 states coincides, resulting in 𝑅𝐿 ≈ 4.66 Å (Figure S14a). On the other hand, 

34 CoumB exhibits a shorter 𝑅𝐿 compared to CoumA, and there is a slight difference between the S1 and 
36 T1 states, with 𝑅𝐿 values of approximately 4.58 Å and 4.64 Å, respectively. In this context, it is 
37 
38 important to note that: i) the energy transfer rate dies off with donor-acceptor distance and ii) the 
39 energy transfer rate is dependent on the nature of the D-A energy transfer mechanism, in other words, 
41 the dipole-dipole (𝑊𝑑―𝑑, Eq. S3), dipole-multipole (𝑊𝑑―𝑚, Eq. S4) and exchange (𝑊𝑒𝑥, Eq. S5) 
42 
43 mechanisms. Regardless of the nature of the energy transfer mechanism, the estimated 𝑅𝐿 values for 
44 
45 the complexes containing CoumA and CoumB suggest a higher energy transfer rate in the case of the 
46 latter complexes, in agreement with the higher ηsens for CoumB-based complexes (Table 2). 
48 
49 The energy transfer rates were quantified through the JOYSpectra web platform 
50 
51 (http://joyspectra.website)42 and more details on the calculations of energy transfer in lanthanide 
52 chelates can be found in ref. 41. Our analyses are based on the diagrams in Figure 5, where 𝑊𝑆 and 
54 𝑊𝑇 indicate the forward energy transfer channel from the S1 and T1, respectively. The 𝑊𝑇′ is the 
55 
56 energy transfer rates from the T1 to the main emitting levels of Ln3+ [i.e., 5D0 for Eu(III) and 5D4 for 
57 
58 Tb(III)]. This distinction is useful for a clearer picture of the population of the emitting levels. All the 

http://joyspectra.website/
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60 
59 Ln-to-ligand backward energy transfer rates are indicated by a subscript b. 
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𝑏	

9 

11 

18 

25 

1 
2 
3 By analyzing the energy transfer rates in different channels (S1 and T1) and involving various 
4 
5 pathways (Tables S1 – S8), it can be observed that the backward energy transfer from the emitting 
6 
7 levels (𝑊𝑇′) is insignificant for all the complexes (Figure 5c, f). This is advantageous for emission 
8 

since backward energy transfer, particularly involving emitting levels, can act as a significant 
10 emission quenching channel. Moreover, the direct energy transfer rates to the emitting level (𝑊𝑇′) 
12 are slightly higher for Tb(III) compounds (1.1×107 and 1.4×107 s−1 for CoumA and CoumB, 
13 
14 respectively). This is because the T1 state of CoumA and CoumB is in a more resonant energy 
15 
16 condition with the Tb(III) 5D4 level (Δ = 3769 and 3479 cm−1, respectively) compared to the Eu(III) 

17 5D0 level (Δ = 6920 and 6630 cm−1, respectively). In addition, the [Tb(bpcd)CoumB∙H2O] complex 
19 exhibits the highest 𝑊𝑇′ value and is the only one where the condition 𝑊𝑇′ > 𝑊𝑇 is met among all 
20 
21 the complexes. This indicates that energy transfer preferably flows directly from the ligand's T1 state 
22 
23 to the Tb(III) emitting level (T1→5D4), rather than transferring to higher states and potentially losing 
24 energy in the process. This condition may favour a better quantum yield, as corroborated by the 
26 highest value observed among all complexes (Table 2). 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
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𝑏	

48 

1 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 Figure 5. Jablonski-type energy levels diagrams for (a,b) Eu(III) and (d,e) Tb(III) Coumarin-based 
43 compounds. (c,f) Energy transfer rates for the different channels considered, as illustrated in the 
44 
45 diagrams. Theoretical overall quantum yields (𝛷𝑜𝑣𝑙 in %) as a function of log(𝑊𝐼𝑆𝐶) and ―log(𝜏𝑆) 
46 for (g) [Ln(bpcd)CoumA∙H2O] and (h) [Ln(bpcd)CoumB∙H2O] compounds (Ln: Eu and Tb). The 
47 estimations of 𝜙𝑜𝑣𝑙 in CH3OH and CD3OD solvents are considered in the rate equations model by 
49 using the values of the 𝜏𝑜𝑏𝑠 and 𝐴𝑟𝑎𝑑 = 1/𝜏𝑟𝑎𝑑 in Table 2. The dashed lines are guides for the eye, 
50 representing the measured 𝛷𝑜𝑣𝑙. 
51 
52 
53 
54 
55 𝑊𝑆 and 𝑊𝑆 are not negligible for all the complexes and are above 109 s-1 for the Tb(III)-Coumarins. 
56 
57 What is quite remarkable is the difference in the energy transfer rates of the channels involving the 
58 S states of CoumA and CoumB. High rates of forward energy transfer channel are found for Tb(III) 
59 
60 ion, in particular in the case of CoumB (𝑊𝑆 = 1.39×109 s-1). This is in agreement with what is 
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𝑏	

𝑏	

14 

23 

29 

38 

44 

50 

57 

1 
2 
3 described in the literature in which the sensitization through the S1 state is commonly observed for 
4 
5 Tb(III) compounds54–56 whilst it is rare for Eu(III).57,58 This difference can be mainly attributed to the 6 

Tb(III) 7F →5G  (~26423 cm−1) and 7F →5G (~25719 cm−1) transitions, which involve a strong 
7 6 6 5 5 
8 participation of the exchange mechanism due to their higher squared spin matrix elements, 
9 
10 〈7𝐹6ǁ𝑆ǁ5𝐺6〉2 = 0.555 and 〈7𝐹5ǁ𝑆ǁ5𝐺5〉2 = 0.243.54 The energy transfer pathways 
11 
12 [S1→S0]→Tb(III)[7F6→5G6] (pathway #3 in Tables S5 and S7) and [S1→S0]→Tb(III)[7F5→5G5] 
13 (pathway #25 in Tables S5 and S7) are predominant in the total IET rate involving the transfer from 
15 S1 state for Tb(III)-Coumarin based complexes, contributing more than 59% and 23% to the total 𝑊𝑆 
16 
17 rate, respectively. In these pathways, the major contributions follow the order 𝑊𝑒𝑥 > 𝑊𝑑―𝑚 > 𝑊𝑑―𝑑 
18 
19 , indicating the dominance of exchange and dipole-multipole mechanisms over dipole-dipole 20 

interactions. Concerning the backward 𝑊𝑆 rate, the main pathways are Tb[5H →7F ]→[S →S ], 
21 𝑏 5 5 0 1 

22 Tb[5H4→7F5]→[S0→S1], Tb[5F5→7F5]→[S0→S1], and Tb[5F4→7F5]→[S0→S1] (pathways #33, #34, 
24 #35, and #36 in Tables S6 and S8) with respective contributions to the total 𝑊𝑆 around 10.5%, 27.0%, 
25 
26 11.4%, and 38.0%. These pathways are dominated only by 𝑊𝑒𝑥 mechanism. 
27 
28 

Concerning Eu(III) compounds, it is evident that the backward energy transfer 𝑊𝑆 is negligible and 
30 𝑊𝑇 > 𝑊𝑆 for both CoumA and CoumB ligands. The dominant pathway for energy transfer through 
31 
32 the T1 state is overwhelmingly the [T1→S0]→Eu(III)[7F0→5D1] one, which accounts for 89.7% of 
33 
34 the total T1 involved rate (𝑊𝑇 + 𝑊𝑇′) for CoumA (pathway #18 in Table S1) and 89.4% for CoumB 
35 
36 (pathway #18 in Table S3). This substantial contribution underscores the role of the 5D1 state in the 
37 sensitization process, as discussed in recent literature.59–61 

39 
40 Considering a mean phonon energy of ℏ𝜔 = 1700 cm−1, attributed to the C=O stretching mode, and 
41 
42 knowing that electron-phonon coupling in lanthanide states leads to small Huang-Rhys factors 
43 (typically between 0.02 and 0.10),62–64 the estimated multiphonon decay rates (Eq. S8) between 
45 adjacent levels were 7.26×106 s−1 for Eu(III) and 7.78×106 s−1 for Tb(III) ions (Table S9). 
46 
47 
48 Using all estimated rates so far, we calculated the theoretical overall quantum yields (𝛷𝑜𝑣𝑙) based on 
49 a rate equations model (Eqs. S10–S14),45 implemented in the Python code provided in the Supporting 
51 Information. Since some parameters, such as the intersystem crossing rate (𝑊𝐼𝑆𝐶) and the 
52 
53 fluorescence (𝜏𝑆) and phosphorescence (𝜏𝑇) lifetimes, cannot be easily determined from theory or 
54 
55 experiment, we modeled 𝛷𝑜𝑣𝑙 by varying these unknown parameters. For example, the T1 lifetime (τT 
56 ) at room temperature is expected to be shorter than those obtained from the phosphorescence band 
58 at 77 K for the Gd(III) analogue compounds (Table 1), suggesting that τT should fall between the ms 
59 
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60 and μs range. 
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28 

33 

41 

48 

53 

59 

1 
2 
3 Initially, simulations of 𝛷𝑜𝑣𝑙 by varying 𝜏𝑇 (ranging from ms to μs) and 𝑊𝐼𝑆𝐶 (from 106 to 109 s−1) 
4 
5 was done, as shown in Figure S15. However, 𝛷𝑜𝑣𝑙 proved less sensitive to this range of 𝜏𝑇 because 
6 
7 all compounds exhibited 𝑊𝑇 > 1/τT, particularly for Eu(III) compounds. The inability to fully 
8 reproduce the values of 𝛷𝑜𝑣𝑙 for Eu(III) compounds suggests that the main contributions arise from 
10 the competition between 𝑊𝐼𝑆𝐶 (which feeds the T1 state) and 𝜏𝑆. Thus, in a second batch of 𝛷𝑜𝑣𝑙 
11 
12 calculations, now varying 𝑊𝐼𝑆𝐶 and 𝜏𝑆 (from μs to ns) and fixing 𝜏𝑇 at 10 μs, all experimental 𝛷𝑜𝑣𝑙 
13 
14 for [Ln(bpcd)CoumX∙H2O] compounds (Ln = Eu and Tb, X: A and B) were successfully reproduced, 
15 as shown in Figure 5g,h. Additionally, common values aligned with the experimental data, suggesting 
16 
17 that 𝑊𝐼𝑆𝐶 ≈ 107 s−1, 𝜏𝑆 ≈ 10 ns, and 𝜏𝑇 = 10 μs are consistent for both CoumA and CoumB 
18 
19 compounds. 
20 
21 
22 
23 
24 Chiroptical spectroscopy (CPL and ECD spectra) 
25 
26 
27 Due to the very low performance of the investigated coumarins as antennae for Eu(III), we did not 
29 find interesting to investigate the chiroptical features of the Eu(III)-based complexes. For this reason, 
30 
31 this section is devoted to the chiroptical characterization of the Tb(III) complexes. 
32 

The absorption peaks centred around 230, 300, and 320 nm, present for all the studied coumarins, are 
34 related to the electronic transitions of these molecules,25,46 while the shoulder at 270 nm is due to the 
35 
36 absorption of the bpcd2- ligand, as already mentioned.26 

37 
38 
39 The UV-ECD spectrum of the Coum-based complex displays only weak or very weak ECD signals 
40 associated with the absorption bands listed above (Figure 6, right). The absence of significant features 
42 may suggest that the complex exists as a conformational manifold, where the various chromophores 
43 
44 occupy enantiotopic positions (neglecting the other stereogenic elements) with almost equal 
45 
46 probability. In other words, the observed spectra may be the result of compensation of oppositely 
47 signed exciton interactions. A similar algebraic sum of contributions due to different coordination 
49 geometries must occur also in CPL (see below). The relative magnitude of the various terms is not 
50 
51 necessarily comparable for ECD and CPL, the former being dominated by exciton interactions, the 
52 latter by static and dynamic coupling of ligand/metal centred transitions. Moreover, different 
54 structures may not be equally emissive. These factors can explain why ECD/CPL signs are only 
55 
56 partially correlated on comparing the spectra with different ligands. 
57 
58 On the contrary, although of somehow modest intensity, the ECD spectra of the complexes 
60 incorporating the three substituted coumarins are more defined, in particular for the CoumC-based 
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7 

14 

21 

1 
2 
3 complex (Figures 7, 8, and 9, right). In all cases, the sequence of signs is the same: +-+ on going from 
4 
5 lower to higher energies (for the R isomeric complex). This suggests that, at least for 
6 

[Tb(bpcd)(CoumC)], there is a more definite stereochemical preference. Accordingly, from our DFT 
8 structural calculations (vide supra) the trans-O,O species of this complex is less stable than the other 
9 
10 two possible trans-NN and cis-OO,NN isomers. On the contrary, in the case of [Tb(bpcd)(CoumA)] 
11 
12 and [Tb(bpcd)(CoumB)] complexes, the three possible isomers are equally probable. 
13 The mirror image relationship observed for all the UV-ECD spectra of enantiomer pairs witnesses 
15 the purity (chemical and stereochemical) of the compounds. 
16 
17 As for the CPL of the Tb(III) complexes, the spectra of the enantiomers are the mirror image of one 
18 
19 another and the most prominent chiroptical signals are recorded for the 5D4→7F5 manifold (around 
20 546 nm), which gives rise, in all the cases, to an alternating sign three-line emission (figures 6-9, left). 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 Figure 6. [Tb(bpcd)(Coum)]; Left) CPL spectra of both enantiomers between 450 and 650 nm, with 
40 
41 the normalized total emission traced in the background (CPL and total emission are plotted in 
42 coherent units). Right) ECD spectra for both enantiomers (∆ε) between 200 and 400 nm with the 
43 average total absorbance of the two enantiomers (ε) traced in the background. 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
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20 

46 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 Figure 7. [Tb(bpcd)(CoumA)]; Left) CPL spectra of both enantiomers between 450 and 650 nm, 
21 with the normalized total emission traced in the background (CPL and total emission are plotted in 
22 coherent units). Right) ECD spectra for both enantiomers (∆ε) between 200 and 400 nm with the 
23 average total absorbance of the two enantiomers (ε) traced in the background. The band at ca. 505 
24 
25 nm (left) marked with an asterisk is the harmonic of the excitation light. 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 Figure 8. [Tb(bpcd)(CoumB)] Left) CPL spectra of both enantiomers between 450 and 650 nm, with 
44 the normalized total emission traced in the background (CPL and total emission are plotted in 
45 coherent units). Right) ECD spectra for both enantiomers (∆ε) between 200 and 400 nm with the 
47 average total absorbance of the two enantiomers (ε) traced in the background. The band at ca. 505 
48 nm (left) marked with an asterisk is the harmonic of the excitation light. 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
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38 

46 

54 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 Figure 9. [Tb(bpcd)(CoumC)] Left) CPL spectra of both enantiomers between 450 and 650 nm, with 
20 the normalized total emission traced in the background (CPL and total emission are plotted in 
21 
22 coherent units). Right) ECD spectra for both enantiomers (∆ε) between 200 and 400 nm with the 
23 average total absorbance of the two enantiomers (ε) traced in the background. The band at ca. 505 
24 nm (left) marked with an asterisk is the harmonic of the excitation light. 
25 
26 
27 
28 
29 [Tb(bpcd)(CoumA)], [Tb(bpcd)(CoumB)] and [Tb(bpcd)(CoumC)] show glum factors (Table 4) at 547 
30 
31 nm three times higher than the one of [Tb(bpcd)(Coum)]. The glum values are around 0.06-0.07 for 
32 the former three complexes and 0.02 for Coum-based complex. This is in very good agreement with 
34 the above interpretation of the UV-ECD spectra, where we suggested that the derivatized coumarins 
35 
36 provide more defined structures ([Tb(bpcd)(CoumC)], in particular), whereas [Tb(bpcd)(Coum)] is 
37 

somewhat fluxional. Thus, not only the exciton coupling interactions is the average between 
39 oppositely signed contributions, but also the metal-centered CPL would be. 
40 
41 
42 We must also notice that the CPL intensities and consequently the glum values reported here may be 
43 
44 the result of cancellation between oppositely signed contributions of the 5D4→7F5 manifold. Indeed, 
45 here we observed that it is composed of 3 apparent bands, which may partially cancel each other. 
47 Furthermore, we must consider that the total expected multiplicity of this manifold may reach 99 or, 
48 
49 in the low temperature/high crystal field (CF) splitting regime at least 11 (originating from the lowest 
50 
51 CF Stark level of 5D4 and ending in each of the MJ components of 7F5) 
52 
53 In conclusion, accepting the limits of experimental measurements, with the values of ε, �ovl and ǀglumǀ 
55 reported in Table 3, we calculate BCPL that reaches the maximum value for the [Tb(bpcd)(CoumB)] 
56 
57 complex (45.5 at 547 nm; Table 4).9,20 

58 59 
Table 3. Photophysical (� and � ) and chiroptical (g and B ) parameters of CPL-active Tb(III) 

60 ovl 
complexes investigated in this work. 

lum CPL 
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14 
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30 

44 

60 

Complex 
e/M-1cm-1 

(labs/nm) 
fovl (%) 

Transition 
5D4 → 7FJ 

ǀglumǀ (l/nm)b 
BCPL/M-1cm- 

1a 

 
 
 
 
 
 
 

 
[Tb(bpcd)](Coum) 

 
 
 
 
 
 
 

 
12000 (313) 

 
 
 
 
 
 
 

 
53 

J = 6 
0.004 (490) / 

0.003 (498) / 

 
J = 5 

0.046 (537) 11.7 

0.021 (547) 12.0 

0.037 (555) 6.9 

 
J = 4 

0.007 (586) / 

0.013 (594) / 

0.014 (600) / 

 
J = 3 

0.045 (613) / 

0.023 (617) / 

0.020 (625) / 

 
 
 
 
 
 

 
[Tb(bpcd)](CoumA) 

 
 
 
 
 

 
12400 (293) 

 
 
 
 
 
 

 
35 

J = 6 
0.006 (492) / 

0.013 (497) / 

 
J = 5 

0.050 (541) 16.9 

0.066 (547) 27.4 

0.061 (552) 7.5 

J = 4 
0.020 (585) / 

0.030 (600) / 

 
J = 3 

0.078 (613) / 

0.074 (618) / 

0.061 (625) / 

 
 
 
 
 

 
[Tb(bpcd)](CoumB) 

 
 
 
 
 
 

13500 (293) 

 
 
 
 
 

 
65 

 
J = 6 

0.010 (492) / 

0.010 (496) / 

0.017 (501) / 

 
 

J = 5 

0.051 (540) 22.6 

0.060 (547) 45.5 

0.061 (551) 18.2 

 
 

J = 4 

0.023 (578) / 

0.019 (586) / 

0.074 (595) / 
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12 
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14 
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19 
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21 
22 
23 a Calculated according to a modified formula (eq. S1),25 see also SI for a detailed explanation. 
24 b The plots of glum vs � are reported in Figures S9-S12. 
26 
27 
28 Conclusions 
29 
30 In this contribution, we demonstrated that the sensitization efficiency of the Tb(III) and Eu(III) 
31 luminescence is strongly dependent on the substitution in C(3) position of the hydroxycoumarin 
32 
33 antenna ligand (namely Coum, CoumA, CoumB, and CoumC) in the heteroleptic Ln(III) complexes 
34 
35 containing also the bpcd chiral ligand. This efficiency is higher for Tb(III) and reaches its maximum 
36 
37 value in the case of [Tb(bpcd)](CoumB) (> 62% in methanol), than for Eu(III) where the ηsens is very 

38 low (lower than 10% for the complexes containing CoumA, B and C). Thanks to the theoretical study 
39 
40 of the energy transfer dynamics, we found a possible explanation for this behavior. In particular, 
41 
42 although CoumB and CoumA (chosen as representative ligands) exhibited a better resonant energy 
43 condition between their triplet level and the 5D4 emitting level of Tb(III) if compared with the case 
45 of Eu(III) ion, CoumB (bearing a secondary amide substituent in C(3) position) is characterized by a 
46 
47 smaller D(donor)-A(acceptor) distance (RL). This can justify the lower sensitization efficiency of 
48 
49 Tb(III) luminescence by CoumA (35%) if compared to CoumB (62%). In addition, it is interesting 
50 that the dominant energy transfer channel in the case of Tb(III) complexes involves the singlet excited 
51 
52 state of the coumarin ligands (CoumB, in particular) (i.e. [S1→S0]→Tb(III)[7F6→5G6]) with a very 
53 
54 high transfer rate ( around 109 s-1). On the contrary, the energy transfer via triplet state is dominant in 
55 the case of Eu(III) complexes with CoumA and B and in both cases involves the 5D1 level of the 
57 lanthanide ion. Finally, as for the chiroptical properties of the complexes, the nature of the substituting 
58 
59 groups seems to play an important role. In particular, a triple CPL activity for Tb(III) ion at 546 nm 
60 

   
J = 3 

0.106 (616) / 

0.043 (625) / 

 
 
 
 
 

 
[Tb(bpcd)](CoumC) 

 
 
 
 
 
 

11500 (293) 

 
 
 
 
 

 
26 

J = 6 0.010 (496) / 

 
J = 5 

0.067 (541) 11.9 

0.062 (546) 17.5 

0.057 (551) 5.6 

 
J = 4 

0.016 (579) / 

0.021 (585) / 

0.049 (594) / 

J = 3 
0.046 (618) / 

0.059 (625) / 
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is recorded when an ester or amide groups (|glum| 0.06-0.07) replace an acetyl group (|glum| 0.02) in 
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14 

33 

40 

45 

52 

1 
2 
3 C(3) position. Similarly, a more pronounced ECD signal in the UV spectral region has been observed 
4 
5 for CoumA, B, and C derivatives. All that suggests a more defined stereochemical preference among 
6 

the possible isomeric species. This seems to be verified in the case of [Tb(bpcd)(CoumC)] complex 
8 for which our DFT structural study discloses that the trans-O,O species is less stable than the other 
9 
10 two possible trans-NN and cis-OO,NN isomers. 
11 
12 In conclusion, our investigation shows how small changes in the molecular structure of an antenna 
13 ligand could have a dramatic effect on the optical and chiroptical properties of a lanthanide complex. 
15 This information is of crucial importance for the design of advanced chiroptical materials. 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
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