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ABSTRACT 

 Six lanthanides complexes with chemical formula [Ln(phen)2(NO3)3] (Ln = Sm(1), 

Tb (2), Nd (3), Eu (4), Ho (5) and Y (6), phen = 1,10-phenanthroline) were synthesized. 1 and 

2 were obtained as single crystals by slow diffusion. Structural characterization was based on 

single crystal X-ray diffraction and IR and 89Y-NMR spectroscopies. NMR spectroscopic 

measurements were performed on [Y(phen)2(NO3)3] (6) and [Y0.75Lu0.25(phen)2(NO3)3] (7). 

Compounds obtained as microcrystalline powders were characterized by powder X-ray 

diffraction. The complexes crystallize in the monoclinic system, space group P21/n. Each 

Ln(III) ion is surrounded by four N atoms from two bidentate phenanthroline ligands and six 

O atoms from three chelating nitrate groups. The phenanthroline ligand provides efficient 

sensitization of the complexes that exhibit sizeable luminescence under UV irradiation. 

Thermal properties have been studied. They confirm the absence of water molecules in the 

crystal structure. The complexes are thermally stable up to 290 °C. Microcrystalline powders 

of hetero-lanthanide complexes, with global chemical formula [Tb1-xEux(phen)2(NO3)3] 

(series 8) and [Tb1-xGdx(phen)2(NO3)3] (series 9) were synthesized. Their photo-physical 

properties have been investigated. They demonstrate that luminescent molecular alloys can be 

obtained from lanthanides complexes and not only from hetero-nuclear coordination polymers 

as previously reported. 

 

KEYWORDS:  

Lanthanide Complexes, Phenanthroline, Crystal Structure, Luminescence, Thermal Stability. 

  
Acc

ep
ted

 m
an

us
cri

pt



3 
 

INTRODUCTION 

 Lanthanide coordination compounds attract a considerable attention due to their 

fascinating topologies,[1-2] and their potentially applicable magnetic and optical properties.[3-

13] All Ln3+ ions except La3+ and Lu3+ can generate luminescence from ultraviolet (Gd3+) to 

visible (Pr3+, Sm3+, Eu3+, Tb3+, Dy3+, Ho3+, Er3+, Tm3+) and near infrared (Pr3+, Nd3+, Sm3+, 

Dy3+, Ho3+, Er3+, Tm3+, Yb3+).[14] Absorption coefficients of Ln3+ ions are weak because of the 

forbidden f-f transitions that make direct excitation of the metal ion inefficient. In order to 

enhance emission efficiency, a π-conjugated organic aromatic ligand can be used that can 

participate to lanthanide ion excitation via the so called antenna-effect.[15]  

 It has been demonstrated that hetero-lanthanide-based coordination polymers can be 

considered as molecular alloys[16] because of the chemical similarity of lanthanide ions.[17-19] 

They are promising systems for technological applications such as thermometric probes,[20-21] 

for instance. However they very often present limited quantum yields, in part because of the 

proximity of the lanthanide ions and of the presence of C-H or O-H vibrators in their first 

coordination sphere. Actually, it is difficult to find ligands that both prevent from solvent 

molecules coordination and allow for the formation of extended frameworks. Indeed, the ideal 

ligand should be bulky, at least bi-functional and should present an extended conjugated 

system that would allow efficient antenna effect. In this context, lanthanide complexes-based 

molecular alloys could constitute a promising alternative to coordination polymers because it 

makes possible the design of soluble lanthanide-based complexes. Additionally, carefully 

chosen ligands with bulky character can prevent from solvent molecules coordination via 

steric hindrance and can allow an enhancement of the luminescence of the targeted 

compound. 

 Aromatic N-donors ligands such as 1,10-phenanthroline (hereafter symbolized as 

phen) are known for being efficient sensitizers of lanthanides ions because they absorb and 
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efficiently transfer energy to the Ln3+ excited states.[22] A number of [Ln(phen)2(NO3)3] 

complexes have been reported to date with Ln = Y,[23] La,[24-25] Ce,[26] Pr,[27] Nd,[27] Sm,[27] 

Eu,[27-32] Gd,[28] Tb,[30, 33] Dy,[22, 27, 34] Ho,[35] Er,[36] Yb,[25, 37] and Lu[38] but their luminescent 

properties have not been studied in details except for the dysprosium-based complex.[22] 

 Hereafter, we report the synthesis, crystal structure and luminescence study of a series 

of homo-lanthanide complexes with general chemical formula [Ln(phen)2(NO3)3] 

(Ln = Sm (1), Tb (2), Nd (3), Eu (4), Ho (5) and Y (6)), and of two series of molecular alloys 

with general chemical formula [Tb1-xEux(phen)2(NO3)3] and [Tb1-xGdx(phen)2(NO3)3] with 

0 ≤ x ≤ 1. 

 

EXPERIMENTAL 

 All reagents were analytical grade and used without further purification. 

SEM and EDS 

 Scanning Electronic Microscopy (SEM) and Energy-Dispersive Spectroscopy (EDS) 

measurements have been performed with a Hitachi TM-1000 Tabletop Microscope version 

02.11 (Hitachi High-Technologies, Corporation, Tokyo, Japan) with EDS analysis system 

(SwiftED-TM, Oxford Instruments Link INCA). All EDS measurements were performed 

several times on several particles in order to insure reproducibility and to confirm powders 

chemical homogeneity. 

 

Infra-red spectroscopy 

 IR spectra were measured with a Perkin Elmer Spectrum II Model FT-IR 

spectrophotometer using ATR method in the range of 4000 – 400 cm-1, with a resolution of 

4 cm-1 at room-temperature. The IR spectra complexes are similar, so only IR spectrum of 

complex 1 is discussed (Figure S1), It shows characteristic bands of coordinated phen. The 
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ν(C-H) stretching vibrations appear at 2923 cm-1, and characteristic δ(C-H) out of plane 

bending vibration are seen at 723 and 841 cm-1, while δ(C-H) in the plane bending is observed 

at 1030 cm-1. The ν(C=C) stretching vibrations (aromatic) appears at 1463 cm-1, and the 

ν(C=N) stretching vibrations are observed at 1626 cm-1.[39-40] Typical absorption peaks of 

coordinated nitrates are observed at 1031 cm-1, 1293 cm-1 and 1464 cm-1 and correspond to 

N-O stretching modes. Weak bands appear at lower wavenumbers around 418 and 416 cm-1, 

they are assigned to ν(M-N) et ν(M-O) stretching modes, confirming the coordination mode 

of phen and nitrates groups, respectively.[41] 

 

Powder X-ray diffraction 

 Powder X-ray diffraction diagrams were recorded on a Panalytical X-Pert Pro 

diffractometer equipped with an X'Celerator detector. Typical measurements conditions were 

45 kV, 40 mA for Cu K radiation ( = 1.542 Å) in  mode. Simulated diagram was 

produced using Powdercell and WinPLOTR programs[42-44] on the basis of [Sm(phen)2(NO3)3] 

(1) crystal structure. 

 

Thermal analyses 

 Thermo-gravimetric and thermo-differential analyses (TG/TD) were carried out in 

platinum crucibles from room-temperature to 1000°C under nitrogen atmosphere with heating 

rate of 5°C.min-1, using a Perkin-Elmer Pyris-Diamond thermal analyzer. At the end of the 

experiments, the compounds were maintained for 1 h at 1000°C under synthetic air in order to 

insure complete combustion. All complexes exhibit similar thermal behaviors. Therefore, 

herein only complex 1 is discussed (Figure S2). The TG/TD experiments confirm the absence 

of coordination solvent molecules in the crystal structure. The complex 1 shows a thermal 

stability up to 290°C then exhibits one step of weight loss (observed weight loss is 78.89% - 
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calcd. 78.44%) that lead to samarium oxide (Sm2O3) at 420°C. This quite significant thermal 

stability constitutes an asset as far as technological applications would be targeted. 

 

Optical measurements 

Excitation and emission spectra were recorded in the solid-state at room-temperature 

on a Horiba Jobin-Yvon Fluorolog-III fluorescence spectrometer with a continuous Xe lamp 

(450 W) equipped with an UV-Vis photomultiplier (PMT Hamamatsu R928, 

range = 190-860 nm) and an infrared-photodiode cooled by liquid nitrogen (InGaAs, 

range = 800-1600 nm). Quantum yields were measured using an integrating sphere from 

Jobin-Yvon by the following formula:Ec-Ea)/(La-Lc) (Ec and Lc are the integrated 

emission spectrum and the absorption at the excitation wavelength of the sample, while Ea 

and La are the integrated “blank” emission spectrum and “blank” absorption, respectively). 

Longest luminescence decays (τ > 10 μs) have been measured at room-temperature using this 

apparatus with a Xenon flash lamp (phosphorescence mode). Shortest luminescence decays 

(τ < 10 μs) were measured directly with the fluorescence spectrometer coupled with an 

additional TCSPC module (Time-Correlated-Single-Photon-Counting) and a 320 nm pulsed 

Delta-Diode. Emission/excitation spectra, quantum yields and luminescence lifetimes 

recordings were performed on powder samples introduced in cylindrical quartz cells of 2.4 cm 

height and 0.7 cm diameter placed inside the integrating sphere or on powder samples pasted 

on copper plates with silver glue. Luminescence of the Y-based microcrystalline powder has 

been measured at 77 K. The Y-based compound was introduced in a quartz capillary tube, 

which was placed inside a small Dewar that contained liquid nitrogen. Quantum yields and 

luminescence decays are averages of two or three independent determinations. 

Comparative solid-state luminescent spectra have been measured on the same Horiba 

Jobin-Yvon Fluorolog-III fluorescence spectrometer on powders samples shaped as pellets. 
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Spectra were recorded between 450 nm and 725 nm under identical operating conditions and 

without turning the lamp off to ensure a valid comparison between the emission spectra.  

 Appropriate filters were used to remove the residual excitation laser light, the 

Rayleigh scattered light and associated harmonics from spectra. All spectra were corrected for 

the instrumental response function. 

 UV-visible absorption spectra have been recorded in the solid-state on a Perkin-Elmer 

Lambda 650 UV-vis spectrophotometer equipped with a 60 mm integrating sphere. 

 Luminance of the samples expressed in Cd.m-2 have been measured with a 

GigahertzOptik X1-1 optometer with an integration time of 200 ms on 1.5 cm2 pellets under 

UV irradiation (exc = 312 nm). The intensity of the UV flux at sample location, 

0.49(1) mW.cm-2, has been measured with a VilberLourmat VLX-3W radiometer. 

[Tb2(bdc)3·4H2O], where bdc2- stands for terephthalate, was used as a standard. Its 

luminance is 99(1) Cd.m-2 under these operating conditions (exc = 312 nm; 

flux = 0.49(1) mW.cm-2).[45] 

 The CIE (Commission Internationale de l'Eclairage) (x, y) emission color 

coordinates[46-47] were obtained using a MSU-003 colorimeter (Majantys) with the 

PhotonProbe 1.6.0 Software (Majantys). Color measurements: 2°, CIE 1931, step 5 nm, under 

312 nm UV light. X = 𝑘 × ∫ 𝐼𝜆 × 𝑥𝜆
780𝑛𝑚

380𝑛𝑚
, Y = 𝑘 × ∫ 𝐼𝜆 × 𝑦𝜆

780𝑛𝑚

380𝑛𝑚
 and Z = 𝑘 ×

∫ 𝐼𝜆 × 𝑧𝜆
780𝑛𝑚

380𝑛𝑚
 with k constant for the measurement system, I sample spectrum intensity 

wavelength depending, x, y, z trichromatic values x = X/(X+Y+Z), y = Y/(X+Y+Z) and 

z = Z/(X+Y+Z). Mean xyz values are given for each sample, which act as light sources 

(luminescent samples). Standards from Phosphor Technology used, calibrated at 312 nm: red 

phosphor Gd2O2S:Eu (x = 0.667, y = 0.330) and green phosphor Gd2O2S:Tb (x = 0.328, 

y = 0.537). 
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Synthesis of the complexes as single-crystals 

 The complexes were obtained by slow diffusion in thin glass tubes, by reaction of 

0.02 mmol of Ln(NO3)3·6H2O (Ln = Sm (1), Tb (2)) in 1 mL of methanol with 0.02 mmol of 

1,10-phenanthroline in 1 mL of THF. Transparent single crystals appeared after 15 days. They 

were collected, washed with ethanol and dried in air. FT-IR (cm-1) of 1 and 2 are similar: 

3064 (vw), 2923 (w), 2854 (w), 1626 (w), 1577 (w), 1464 (vs), 1418 (s), 1290 (s), 1219 (m), 

1104 (w), 1030 (s), 863 (m), 841 (s), 813 (m), 762 (m), 731 (m), 722 (vs), 639 (m), 553 (vw), 

512 (vw), 474 (vw), 415 (s). 

 

Crystal structure 

 The dimensions of the single-crystal used for the crystal structure determinations, were 

0.40  0.25  0.19 mm3for 1 and 0.56  0.27  0.21 mm3for 2. The reflection intensities were 

collected on a Bruker D8 Venture diffractometer equipped with a PHOTON 100 CMOS area 

detector, at 150 K. 

 Absorption corrections were performed on the basis of multiple scans. Crystal 

structures were solved using direct methods with the program SIR-97[48] and refined with full 

matrix least-squares methods based on F2,[48] by using the WinGX program.[49-50] All 

non-hydrogen atoms were refined anisotropically using the SHELXL program.[51] Hydrogen 

atoms were located at ideal positions. Crystal and final structural refinement data are listed in 

Table 1. 
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Table 1. Crystal and final structural refinement data for [Sm(phen)2(NO3)3] (1) and 

[Tb(phen)2(NO3)3] (2). 

1 2 
Formula: C24H16N7O9Sm Formula:C24H16N7O9Tb 

Formula weight (g.mol-1): 696.79 Formula weight (g.mol-1): 705.36  

Crystal system: monoclinic Crystal system: monoclinic 

space group: P21/n, space group: P21/n 

a = 11.1054(15) Å 

b = 17.906(2) Å 

c = 12.9863(16) Å 

β = 100.545(5)° 

V = 2538.76(55) Å3 

a = 11.0462(11) Å 

b = 17.8589(16) Å 

c = 12.9882(13) Å 

β = 100.408(4)° 

V = 2520.06(42) Å3 

Z = 4 Z = 4 

Dc = 1.823 g.cm-3 Dc = 1.8165g cm-3 

T = 150(2) K T = 150(2) K 

μ(Mo-Kα) = 2.382 cm-1 μ(Mo-Kα) = 2.382 cm-1 

crystal shape: colorless prism crystal shape: colorless prism 

R1 = 0.0235 R1 = 0.0247 

wR2 = 0.0555 wR2 = 0.0629 

S = 1.103 S = 1.148 

5122 reflections 5286 reflections 

370 parameters 370 parameters 

 

Synthesis of the complexes as microcrystalline powders 

 Microcrystalline powders of the complexes with chemical formula [Ln(phen)2(NO3)3] 

with Ln = Sm (1), Tb (2), Nd (3), Eu (4), Ho (5) and Y (6) were obtained according to the 

experimental protocol already described by U.P. Singh et al.:[28] To a methanolic solution of 

Ln(NO3)3·6H2O (0.5 mmol in 10 mL), 1.0 mmol of 1,10-phenanthroline in methanol (10 mL) 

was added. The resulting solution was stirred for 8 h and filtered. The filtrate was dried under 

vacuum. Yield was about 85 %. 

 Powder X-ray diffraction patterns indicate that powders and single-crystals are 

iso-structural (Figure 1). 
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Figure 1: Experimental and simulated powder X-ray diffraction patterns of compounds with 

general chemical formula [Ln(phen)2(NO3)3] with Ln = Y, Nd, Sm, Eu, Gd, Tb and Ho. 

Simulated powder X-ray diffraction diagram was obtained from the solved crystal structure of 

the Sm-based complex. 

 

Synthesis of complexes-based molecular alloys. 

 Synthesis of the series of molecular alloys of chemical formulas 

[Tb1-xEux(phen)2(NO3)3] and [Tb1-xGdx(phen)2(NO3)3] with 0 ≤ x ≤ 1 was carried out 

according to the same experimental protocol as that of the homo-lanthanide microcrystalline 

powders described above, by replacing lanthanide ions solution by the appropriate mixture of 

lanthanides nitrates solution. On the basis of their experimental X-ray diffraction diagrams, it 

has been assumed that they are iso-structural to homo-lanthanide complexes (Figures S3 and 

S4). 

 The metal compositions of these complexes-based molecular alloys were measured by 

EDS (Tables S1 and S2). All the micro-crystalline powders present the same morphology. As 

a matter of example, a MEB picture of compound [Tb0.1Gd0.9(phen)2(NO3)3] is reported in 

Figure 2. 
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Figure 2. MEB picture of a microcrystalline sample of [Tb0.1Gd0.9(phen)2(NO3)3]. 

 

Solid state 89Y NMR spectroscopy. 

 89Y CPMAS experiments were performed on a Bruker Avance III 600 (14 T) 

spectrometer operating at Larmor frequencies of 29.4 MHz and for 600.1 MHz 89Y and 1H, 

respectively. Spectrum was recorded using a low-gamma two channels 7 mm probe. MAS 

spinning rate were set to 2 kHz. 89Y CPMAS NMR spectra were acquired using 

cross-polarization (CP) from 1H using a contact time of 4 ms (ramped for 1H), SPINAL64 1H 

decoupling during acquisition with a rf field strength of approximately 60 kHz, and recycle 

delay set to 3 s. Chemical shift scales are shown relative to YCl3 in aqueous solution. 

 

RESULTS AND DISCUSSION 

 The Sm- (1) and Tb-based (2) complexes are isostructural. Their crystal structure was 

previously described.[27, 33] Therefore, only a brief structural description of complex 1 is given 

hereafter. 

 The crystal structure is 0D. There is only one independent lanthanide ion in the crystal 

structure. It is deca-coordinated. Coordination polyhedron can be described as a slightly 

distorted bi-capped square antiprism as shown in Figure 3. Each Sm(III) ion is surrounded by 

four N atoms from two bidentate phen ligands and six O atoms from three chelating nitrate 

Acc
ep

ted
 m

an
us

cri
pt



12 
 

groups which implies that there is neither C-H nor O-H oscillators in the first coordination 

sphere of the lanthanide ions. 

 

Figure 3. Left: Projection view along the c-axis of an asymmetric unit of 1. Right: 

coordination polyhedron of the Sm3+ ion. All hydrogen atoms have been omitted for clarity. 

 

 Ln-N bond lengths vary between 2.55(3) and 2.62(2) Å and the Ln-O bond distances 

vary from 2.50(3) to 2.54(2) Å. Some bond lengths and angles of interest are listed in 

Table S3. In the crystal packing, the Sm-Sm inter-metallic distances vary between 8.19 Å and 

13.52 Å (Figure 4). A given lanthanide complex is surrounded by 6 closest neighbors (from 

8.19 Å to 10.39 Å). Additionally, because the metallic ions distribution in the crystal packing 

is quite isotropic, the mean inter-metallic distance can be estimated by the rough model that 

has already been described elsewhere.[52] This model assumes that the volume "occupied" by 

a lanthanide ion is equal to the unit cell volume (2538 Å3) divided by the metallic content of 

the unit cell (Z = 4), that is, in the present case, 635 Å3. This "volume per metal", V, is then 

assimilated to the volume of a virtual sphere with radius r = √
3V

4π

3
 (r = 5.33 Å here). This 

calculation allows the estimation of the mean inter-metallic distance: d = 2r = 10.66 Å. It is 
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noticeable that this mean distance is greater than 10 Å that is the inter-metallic distance above 

which the inter-metallic energy transfers are usually expected to be less efficient.[53-55]  

 

Figure 4. Projection views along the c-axis (left) and the a-axis (right) of the crystal packing 

of 1 (all hydrogen atoms have been omitted for clarity). Broken-line circles symbolize the 

projection of a 10 Å radius sphere centered on a given lanthanide ion. Shortest inter-metallic 

distances are reported in blue. 

 

 
Figure 5. Projection view of two adjacent molecules of complex 1. Yellow broken lines 

symbolize - interactions. 

 

 Along the a-axis, the mean distance between two phen ligands from two adjacent 

molecules is 3.69 Å which suggests significant π-π stacking interactions between phen ligands 
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in the crystal. These inter-molecular interactions insure the stability of the crystal packing 

(Figure 5). The strength of these interactions is also supported by the thermal analysis 

(Figure S2) that shows that the compound is stable up to 290 °C. Each molecule interacts with 

two other molecules via - stacking that form a pseudo-one-dimensional network spreading 

along the �⃗� − 𝑐 direction (Figure 6). Importance of these interactions in these systems have 

already been stressed previously.[25] 

 
Figure 6. Projection view along the b-axis of the crystal packing of complex 1. Red broken 

double arrows symbolize -stacking interactions. 

 

 It is also noticeable that this crystal structure presents neither crystallization nor 

coordination solvent molecules as confirmed by thermal analysis (Figure S2). 
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Photoluminescence properties of the complexes. 

 Excitation and emission spectra have been recorded for all the six compounds 

(Figures 7-12). In any case, excitation spectrum presents a broad band centered at 329 nm that 

can be assigned to the 1π → 1π*/3π* transitions of the ligand which indicates an efficient 

"antenna effect".[15] 

 Emission spectra of complex 1 in both the visible and the IR regions were recorded 

upon 329 nm excitation wavelength (Figure 7). In the visible region, five emission bands, 

centered at 561, 595-601, 647.5, 709 and 781 nm, are observed. They can be attributed to 

4G5/2 → 6H5/2, 
6H7/2, 

6H9/2, 
6H11/2, 

6H13/2 transitions of Sm3+ ion, respectively.[14, 56] The 

4G5/2 → 6H9/2 emission, at 647.5 nm, is the most prominent and induces an orange-red light 

emission with colorimetric coordinates (0.596, 0.363). The emission spectrum of complex 1 

in the near-infrared region presents five typical emission bands of Sm3+ at 880, 889, 945, 

1023, 1162 nm that can be assigned to 4G5/2 → 6F1/2, 
6F3/2, 

6F5/2, 
6F7/2, 

6F9/2 transitions 

respectively.[56] 

 The excitation spectra of complex 1 that were recorded at room-temperature, and 

monitored at 647.5 nm (Figure 7 top for visible) or 945 nm (Figure 7 bottom for IR), show a 

ligand broad band centered at 329 nm attributed to the excited levels of the ligands and five 

weak sharp 4f-4f absorption peaks that can be assigned to the 6H5/2 → 6P3/2, 
4G9/2, 

4I13/2, 
4G7/2 

and 4F3/2 (405-535 nm) transitions of Sm3+ ion. 

 The overall quantum yield, recorded in the visible region, for this compound is 

6.0(4)% and the luminescent life time is 39(2) μs. This quite strong quantum yield, for a 

Sm3+-based coordination compound57-60 can be related to the absence of C-H and O-H 

vibrators in the coordination sphere of Sm3+ions.[14] 
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Figure 7. Top: Visible region. Room-temperature solid-state excitation and emission spectra 

of complex 1. In inset, picture of a single crystal of complex 1 under UV irradiation at 

λexc = 312 nm. 

Bottom: IR region. Room-temperature solid-state excitation and emission spectra of complex 

1. 

 

 Under excitation at 329 nm, the emission spectrum of complex 2 displays the seven 

peaks centered at 490, 541-548, 583, 621, 649, 666 and 677 nm that correspond to 5D4 → 7FJ 
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(J = 6-0) transitions of the Tb3+ ion, respectively (Figure 8).[56, 61] The emission peak centered 

at 541 nm (5D4 → 7F5) is the strongest one which results in a green emission with colorimetric 

coordinates (0.328, 0.603). The luminescent lifetime for complex 2 is 0.52(1) ms and the 

overall quantum yield is 87(6) %. It must be noticed that despite this quite high overall 

quantum yield, luminescence intensity of this compound is moderate because of the small 

absorption coefficient of the ligand (35 Cd.m-2 under 0.49 mW.m-2 irradiation at 

exc = 312 nm).[59, 62-63] 

 

Figure 8. Room-temperature solid-state excitation and emission spectra of complex 2. In 

inset, picture of a single crystal of complex 2 under UV irradiation at λexc = 312 nm. 

 

 Emission (in the IR region) and excitation spectra of complex 3 were recorded at 

room-temperature in the solid-state (Figure 9). The emission spectrum of complex 3, under 

excitation at 329 nm, presents three bands centred at 874-909, 1060-1080 and 1312-1400 nm 

that correspond respectively to 4F3/2→
4I9/2, 

4F3/2→
4I11/2 and 4F3/2→

4I13/2 typical transitions of the 

neodymium ion. The excitation spectrum, monitored at 1060 nm, shows, in addition to the 

characteristic broad band of phen ligand, the following characteristic transitions of 

Nd3+: (4I9/2→
4G11/2, 

2P3/2, 
2D3/2, 

2G9/2), (
4I9/2→

4G9/2, 
4G7/2), (

4I9/2→
2G7/2, 

4G5/2), (4I9/2→
2H11/2), 
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(4I9/2→
4F9/2), (

4I9/2→
4F7/2, 

4S3/2), (
4I9/2→

4F5/2, 
2H9/2) that are respectively centered at 473, 529, 

584, 631, 680, 742 and 802 nm.[64] 

 

Figure 9. Room-temperature solid-state excitation and emission spectra of complex 3.  

 

 Emission and excitation spectra of complex 4 (Figure 10) were collected at 

room-temperature in the solid-state. Under excitation at 329 nm, the emission spectrum of 

complex 4 displays six peaks, that can be assigned to the typical transitions of Eu3+ 

(5D0 → 7F0-6) centered at 576, 591, 615, 649, 685, 749 and 830 nm respectively.[56, 65] The 

excitation spectrum measured for λem = 615 nm exhibits, in addition to the strong 

1π → 1π*/3π* band, four weak pics centered at 396, 416, 465 and 536 nm that can be 

attributed respectively to the typical Eu3+ 7F0 → 5L6, 
5D3-1 transitions. The luminescent 

lifetime has been estimated to 1.05(1) ms. The overall quantum yield is close to 100% but the 

low absorbance of complex 4 doesn't allow its accurate determination. Acc
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Figure 10. Room-temperature solid-state excitation and emission spectra of complex 4. 

 

 Emission and excitation spectra of complex 5 in the UV-vis region are reproduced in 

Figure 11. They were recorded in the solid-state at room-temperature. The emission spectrum 

of complex 5 has been recorded by applying 329 nm excitation wavelength. It shows 

holmium ions transition 5F3→
5I7 and5F5→

5I8 in the area 643-662 nm. Emission spectrum of 

complex 5, in the IR region, shows the 5F5→
5I7 and 5F4→

5I6 specific transitions of Ho3+ ion in 

the IR region. They occur in the range of 960-1020 nm. Excitation spectrum in the IR region 

of complex 5 shows the typical 5I8→
5G5, 

3G5 and 5I8 → 5F1, 
3G8 transitions of holmium ions 

centered at 421 and 454 nm respectively. [56] 
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Figure 11. (top – visible region). Room-temperature solid-state excitation and emission 

spectra of complex 5: (bottom – IR region). Room-temperature solid-state excitation and 

emission spectra of complex 5. 

 

 Emission and excitation spectra of complex 6 have been recorded (Figure 12). 

Because Y3+ is a non-luminescent ion, these spectra show the optical properties of the ligand 

engaged in this crystal structure. Therefore, both spectra show the intrinsic (*1π → 1π*/3π) 

transition of the ligand. It is noticeable that the last absorption edge of this compound is about 

375 nm (26700 cm-1). Obviously, it is not the energy state that is responsible for the excitation 
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of the luminescent lanthanide ions since excitation spectra all present a maximum intensity at 

329 nm (30400 cm-1) (Figures 7-11). Usually, the energy of the state that is at the origin of the 

Ligand-to-Lanthanide energy transfers are estimated by the energy of the first edge of the 

emission band of an optically non-active lanthanide-based coordination compound.[14] That is, 

in the present case, 28600 cm-1 (350 nm). 

 

 
Figure 12. Solid state absorption (top) and emission (bottom) spectra of complex 6: Emission 

spectra have been recorded at 77 K and at room-temperature with λexc = 320 nm. 
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 This quite intense emission band of the ligand is usually assigned to a 3* → 1 

phosphorescence. However, in this system, the measured lifetime of the luminescence 

(τobs = 6.1(1) ns) is much shorter than what was reported previously for lanthanide-based 

coordination polymers with carboxylate ligands (τphospho > 1 ms).[63] This suggests that this 

luminescence band could be attributed to 1*→1 fluorescence and that Ligand-to-Metal 

energy transfers occur from excited ligand singlet states (see Scheme 1). 

 It has been shown that a too high energy difference between the ligand feeding state 

and the lanthanide emissive state is not favorable to high sensitization rate. Of course, energy 

transfers can be achieved via energy levels that lie higher than the lanthanide emissive level, 

but in that case, the energy difference between these levels and the ligand feeding level must 

be important enough for avoiding back-transfers.[66-71] 

 In this system the energy difference between the ligand energy level and the 

lanthanide emissive levels is around 8200 cm-1 for the Tb-based complex (E(5D4) = 490 nm 

or 20400 cm-1) and 11200 cm-1 for the Eu-based one (E(5D0) = 576 nm or17400 cm-1). These 

high values suggest that Ligand-to-Lanthanide energy transfers imply lanthanide states of 

higher energy (Scheme 1). For the Eu3+ ions, there are several potential acceptor levels: 

5D1 (19100 cm-1), 5D2 (21500 cm-1), 5D3 (24300 cm-1), 5L6 (25300 cm-1), 5G2 (26250 cm-1), 

5L7 (26400 cm-1), 5G3,4,5,6 (26500 - 26700 cm-1), 5L8 (27300 cm-1) and 5D4 (27500 cm-1).[56, 65] 

Some of them can favor efficient energy transfers without significant back-transfers. On the 

contrary, for the Tb3+, higher energy levels (5D3 (26300 cm-1), 5G6 (26400 cm-1), 

5L10 (27150 cm-1), 5G5 (28000 cm-1), 5D2 (28150 cm-1) and 5G4 (28300 cm-1) lie between 

26500 cm-1 and 27500 cm-1 and can induce significant back-transfers. 

 However it can be noticed that the sensitization efficiency (sens)
[14] is probably very 

high for both the Eu- and the Tb-based complexes since their overall quantum yields are very 

high. 
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Scheme 1. Schematic representation of the energy states of the ligand and of the lanthanide 

ions with energy transfer pathways. 

 

 This relative location of the energy levels of the ligand and of the lanthanide ions 

combined with the absence of O-H and C-H oscillators in the vicinity of the lanthanide ions, 

that is known for drastically reducing Eu3+ luminescence[14], can explain the very strong 

luminescence intensity of the Eu3+-based complex as compared to that of the Tb3+-based one. 

Indeed, contrary to what usually observed, the luminance of the Eu-based complex 

(111 Cd.m-2 under 0.49 mW.m-2 irradiation at exc = 312 nm) is very significant and much 

higher than the luminance of the Tb-based one (35 Cd.m-2 under 0.49 mW.m-2 irradiation at 

exc = 312 nm). 

 As a summary, characteristic photo-physical values that have been measured are listed 

in Table 2. On the basis of these interesting results we have undertaken a study of 

microcrystalline powders of molecular alloys.  

Table 2. Summary of the measured photo-physical values of 

[Ln(phen)2(NO3)3] complexes with Ln = Sm, Eu, Tb and Y. 
 obs 𝑄

𝐿𝑛3+
𝐿𝑖𝑔𝑎𝑛𝑑

 (%) Luminance (Cd.m-2) 

[Sm(phen)2(NO3)3] (1) 39(2) µs 6.0(4) - 

[Tb(phen)2(NO3)3] (2) 0.52(1) ms 87(6) 35(1) 

[Eu(phen)2(NO3)3] (4) 1.05(1) ms ~ 100 111(5) 

[Y(phen)2(NO3)3] (6) 6.1(1) ns - - 
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Characterization of the molecular alloys. Photo-physical measurements of 

[Tb1-xEux(phen)2(NO3)3] (series 8) and [Tb1-xGdx(phen)2(NO3)3] (series 9) with 0 ≤ x ≤ 1. 

 In order to verify if in hetero-lanthanide compounds lanthanide ions are randomly 

distributed over the metallic sites of the crystal structure we have prepared 

[Y0.75Lu0.25(phen)2(NO3)3] (7) (Figure S5), recorded its 89Y solid-state NMR spectrum and 

compared it with the one of [Y(phen)2(NO3)3]. This procedure has already been successfully 

used to demonstrate the "molecular alloy"[16] character (i.e; the statistic distribution of 

different lanthanide ions in the compound) of hetero-lanthanide-based coordination 

polymers.[17-19, 45] Unfortunately, in the present case, a shift of the peak is observed but it is 

very small and does not allow for a non-ambiguous conclusion on the local ordering of the 

lanthanide ions (Figure 13). 

 

Figure 13. Solid-state CPMAS 89Y NMR spectra of [Y(phen)2(NO3)3] (6) (solid line) and 

[Y0.75Lu0.25(phen)2(NO3)3] (7) (dashed line). 

 

 Therefore, two series of hetero-lanthanide complexes with respective general chemical 

formula [Tb1-xEux(phen)2(NO3)3] and [Tb1-xGdx(phen)2(NO3)3] with 0 ≤ x ≤ 1 have been 

prepared. All these compounds are isostructural to [Sm(phen)2(NO3)3] (1) (Figures S3 and 

S4).  
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 Solid-state emission spectra of the compounds that constitute the two series have been 

recorded under UV irradiation at 329 nm (Figure 14). 

 

 
Figure 14. Top left: Solid-state emission spectra of [Tb1-xGdx(phen)2(NO3)3] (series 9) with 

0 ≤ x ≤ 1 (exc = 329nm). Top right: Integrated intensity of the major peak of Tb3+ centered at 

541.5 nm versus x. 
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Bottom left: Solid-state emission spectra of [Tb1-xEux(phen)2(NO3)3] (series 8) with 0 ≤ x ≤ 1 

(exc = 329nm). Bottom right: Integrated intensity of the major peaks of Tb3+ centered at 

541.5 nm and of Eu3+ centered at 615 nm versus x. 

 

 Emission spectra of the compounds with general chemical formula 

[Tb1-xGdx(phen)2(NO3)3] with 0 ≤ x ≤ 1 show that addition of Gd3+ non-emissive ions 

provokes a sizeable enhancement of the emission intensity (+70% for x = 0.3) even for the 

smallest doping rates (+20 % for x = 0.1). Then, for x varying between 0.3 and 0.6, emission 

intensities decrease, because of the Tb3+ ratio decreasing, but remains stronger than that of the 

pure Tb-based complex (x = 0). This behavior was not anticipated because the large 

inter-metallic distances observed in the crystal structure should induce a small dilution effect 

for low x values followed by a decrease of the luminescence as the Tb3+ ion content decreases. 

This unexpected behavior suggests strong inter-metallic energy transfers. It also suggests that 

these microcrystalline powders are "molecular alloys"[16] and present no segregation of the 

metals. Indeed, in case of segregation, the luminescence intensity would be expected to be 

quasi-proportional to x. 

 This findings are confirmed by the emission spectra of the compounds with general 

chemical formula [Tb1-xEux(phen)2(NO3)3] with 0 ≤ x ≤ 1. Indeed, as shown in Figure 14, the 

Tb3+ luminescence abruptly decreases and almost vanishes, which strongly suggests efficient 

Tb-to-Eu inter-metallic energy transfers. This also confirms the random distribution of the 

lanthanide ions over the metallic sites of the crystal structure. Indeed, in segregated 

compounds, inter-metallic energy transfers are weak.[72] 

 In order to quantify these inter-metallic energy transfers, Tb3+ luminescence lifetimes 

have been measured for compounds [Tb0.8Eu0.2(phen)2(NO3)3] (τTb = τobs = 17(1) μs and 

τEu = 0.99(1) ms) and [Tb0.8Gd0.2(phen)2(NO3)3] (τTb = τ0 = 0.52(1) ms) These luminescence 

lifetimes of the Tb3+ ion, respectively measured in the presence (obs) and in the absence (0) 
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of an acceptor ion are related to inter-metallic energy transfers efficiency (ET) according to 

the relationship:[14] 

𝜂𝐸𝑇 = 1 −
𝜏𝑜𝑏𝑠

𝜏0
 (1) 

 This relationship leads, in the present case, to ET = 97(1) %. This very significant 

value[45] evidences that there are some efficient inter-metallic energy transfer pathways 

(Scheme 2). Since molecules are isolated, and transition metal ions quite far from each other, 

this suggests that inter-metallic energy transfers could be mediated by the -stacked phen 

ligands. This phenomenon has already been invoked for related complexes in literature.[73] 

 
Scheme 2. Schematic representation of the energy transfer pathways that are responsible to 

Eu3+ and Tb3+-based molecular alloys  

 

CONCLUSION AND OUTLOOK 

 This study shows that the use of phen ligand prevents from the presence of solvent 

molecules coordinated to the lanthanide ions in this series of compounds. It leads to high 

overall quantum yields and remarkable emission in the NIR region for Nd-, Sm- and 

Ho-based compounds.  
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 We also demonstrate that it is possible to prepare molecular alloys based on 

iso-structural lanthanide complexes of formula [Ln1-xLn’x(phen)2(NO3)3] and not only based 

on coordination polymers. To the best of our knowledge this has not been demonstrated 

before. However, this series of compounds exhibits emission color and intensity modulations 

that are not as good as expected. This is due to the presence of efficient inter-metallic energy 

transfers despite long intermetallic distances. An explanation could be that the stacked phen 

ligands are efficient in mediating such energy transfers in this system. 

 Nevertheless, on the basis of this study it clearly appears that molecular alloys of 

lanthanide complexes could present interesting luminescent properties that could find their 

application in the fields of displays or anti-counterfeiting taggants. 

 

SUPPORTING INFORMATIONS 

Solid state IR spectrum of 1; TG/TD analyses for 1; Powder X-ray diffraction diagrams of 

[Tb1-xEux(phen)2(NO3)3] with 0 ≤ x ≤ 1; Powder X-ray diffraction diagrams of 

[Tb1-xGdx(phen)2(NO3)3] 0 ≤ x ≤ 1; Experimental and simulated powder X-ray diffraction 

patterns of compounds [Ln(phen)2(NO3)3] with Ln = Sm (simulated), Y0.75 Lu0.25; Metallic 

contents measured by EDS for [Tb
1-x

Eu
x
(phen)

2
(NO

3
)
3
] with 0 < x < 1; Metallic contents 

measured by EDS for [Gd
1-x

Tb
x
(phen)

2
(NO

3
)
3
] with 0 < x < 1; Selected interatomic distances 

(Å) and bond angles (°) for [Sm(phen)2(NO3)3] (1). 
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GRAPHICAL ABSTRACT 

 

 Lanthanide complex-based molecular alloys can exhibit interesting luminescent 

properties and can be good candidates for efficient luminescent coordination materials. 
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