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lanthanide complexes: effective control of energy 

transfer from blue-emissive fluorophore to Eu(III) 

centres 
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According to control energy transfer from the singlet state of blue-emitting fluorophore to Eu(III) 

ions, a white-light-emitting Eu(III) coordination polymers based on 1,8-naphthalimide derived 

ligand was synthesized, and three primary colours are well balanced by adjusting the length of 

linkers.  
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A new strategy for achieving white-light-

emission of lanthanide complexes: effective 

control of energy transfer from blue-emissive 

fluorophore to Eu(III) centres 

Junqing Zhang, Hongfeng Li,* Peng Chen, Wenbin Sun, Ting Gao, Pengfei 
Yan* 

Two novel bifunctional 1,8-naphthalimide-based ligands incorporating coordinated carboxyl 

group and blue emitting 1,8-naphthalimide, 2-(1,8-naphthalimido)ethanoic acid (HL
1
) and 3-(1,8-

naphthalimido)propanoic acid (HL
2
), are designed for synthesis of white light emitting lanthanide 

complexes. Self-assembly of ligands with lanthanide ions formed two series of 1D coordination 

polymers {Ln(L
1
)3(CH3OH)(H2O)}n (Ln = Eu

3+ 
(1), Gd

3+ 
(2)) and {[Ln(L

2
)3(H2O)]�H2O}n (Ln = Eu

3+ 

(3), Gd
3+

(4)). The single crystal X-ray crystallography analyses reveal the complexes feature 1D 

chain structure. In 1 and 3, partial energy transfer from the 1,8-naphthalimide moieties to the 

metal centres results in sensitized Eu(III)-based emission in addition to the ligand-based 

blue/green luminescence. Through changing the length of the linkers between the chromophore 

and the metal centre, energy transfer efficiency of ligands-to-Eu is effectively controlled. In 1, the 

emission spectrum is mainly dominated by the red light of the Eu(III) ions. However, the red light 

emission is suppressed in 3 due to the decrease of chromophore-to-Eu energy transfer 

efficiency. This effective adjustment realized the balance of three primary colours, and thus 

resulting in white light emission of 3. This result opens up a new synthetic strategy for white light 

emitting materials.

Introduction 

White light emitting materials have recently merited particular 

attention due to their broad applications in lighting sources, 

backlight and full-colour displays.1 Generally, the realization of 

white light emission requires the generation and intensity 

control of the three fundamental red, green and blue (RGB) 

light emission in bulk materials. The trichromatic approach is 

the mostly employed for producing white-light materials. In the 

past decades, reported white-light-emitting materials contain 

nanocrystals,2 quantum dots,3 lanthanide-doped inorganic 

materials,4 small organic molecules,5 polymers,6 and the 

lanthanide complexes.7 Benefitting from high colour purity, 

high photoluminescence efficiency of lanthanide ions, and the 

exceptional tenability, structural diversity of coordination 

polymers (CPs), there has been great interest devoted to white-

light emitting lanthanide-organic coordination polymers (Ln-

CPs) in recent years.8 

In Ln-CPs, white light emission is generally achieved by co-

doping red-light-emitting Eu(III) and green-light-emitting 

Tb(III) ions into the corresponding blue-light-emitting 

isostructural Ln-CPs (Ln = La or Gd).9 It is known as three 

component approach. Another similar doping approach for 

obtaining white light is known as two component approach, in 

which La or Gd-CPs emit blue-green light, whereas Eu(III) is 

as a only doping and emit red light.10 Recently, a more simple 

method is employed that only a Sm(III) ion is involved in white 

light emitting framework.11 It can be named as one-component 

approach. Compared with the multi-component approach, this 

way will considerably simplify the preparation of the white-

light-emitting complexes.  

It is notable that in these works mentioned above, the ligands 

not only play a role as sensitizer for the Ln(III) ions via an 

“antenna effect”, but also as a blue-emitting source. In fact, 

blue emission of ligand considerably implies the less energy 

transfer from the ligand to the Ln(III) ions due to the mismatch 

of energy level between ligand and lanthanides. It is known to 

all that the widely accepted energy transfer pathway for the 

sensitization Ln(III) ions luminescence consists of excitation of 

the ligands into their excited singlet states, subsequently 

intersystem crossing to their triplet states, then the energy 
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transfer from the triplet states to the excited states of the Ln(III) 

ions.12 In order to make energy transfer effective, the energy-

level match between the triple states of the ligand and the 

Ln(III) ions became one of the most important factors 

dominating the luminescence properties of the complexes. 

According to Latva’s empirical rule,13 an optimal ligand-to-

metal energy transfer process for Eu(III) ions needs the energy 

gap ∆E (3ππ* – 5D0) > 2500 cm–1. The lowest excited energy 

levels of Eu(III) ion is located at 17 500 cm–1 (5D0, 570 nm), 

which means the triple states of the ligand should be at least 

higher than 20 000 cm–1 (500 nm). According to Reinhoudt’s 

empirical rule,14 the intersystem crossing process becomes 

effective when ∆E (1ππ* – 3ππ*) is at least 5000 cm–1, thus the 

singlet states of the ligand should higher than 25 000 cm–1 (400 

nm) for effectively sensitizing Eu(III) ions luminescence, that is, 

the emission bands of the ligand should be located in UV 

regions (< 400 nm). Therefore, ligand-based blue emission 

generally means the ligands have the lower single- and triple-

states levels, and thus leading to energy-level mismatch 

between ligand and Eu(III) ions. This is the main reason why 

the luminescence quantum yields are relatively lower in the 

reported white light emission Ln-CPs. Therefore, an accurate 

design of ligand that make it not only emits blue light, but also 

as effective sensitizer, is crucial for achieving high efficiency 

white light emission. 

 
Scheme 1 Syntheses of the HL

1
, HL

2
 and their complexes. 

We are interested in exploring novel white-light-emitting 

materials of lanthanide complexes.15 Herein, two blue-emitting 

ligands HL1 and HL2 are designed for synthesis of white-light-

emitting Ln-CPs (see Scheme 1). The ligands are composed of 

a coordinating carboxyl decorated with a methylene and an 

ethidene linkers fitted with a 1,8-naphthalimide at their 

extremity. As a fluorophore, 1,8-naphthalimide has widely used 

in fluorescence sensors, biological imaging, and lighting 

devices due to their high photostability, and high luminescence 

quantum yields.16 In complexes, 1,8-naphthalimide do not 

directly coordinate to Ln(III) ions, but separated from Ln(III) 

centres by the σ-bonds of alkyl groups. This separation may 

result in the considerable decrease of intersystem crossing 

efficiency caused by the heavy atom effect of lanthanide ions; 

meanwhile increase the rate of energy transfer from the singlet 

excited level to the Ln(III) ions.17 Therefore, the sensitization 

of the Eu(III) ion by the singlet state of 1,8-naphthalimide 

moiety in ligand should be possible. 1,8-naphthalimide emits 

blue fluorescence from the singlet π–π* state with the emission 

bands range from 350 nm to 475 nm. Thus, the energy gap ∆E 

(1ππ* – 5D0) is in the range of 3071–3553 cm–1, meeting the 

requirement of energy gap above 2500 cm–1. In addition, 

aggregation of 1,8-naphthalimide units in solid state will result 

in a red-shifted and enhancement emission band.18 Therefore, 

the 1,8-naphthalimide unit that combines the monomer blue- 

and aggregate blue/green-luminescence is suitable for the 

construction of Eu(III)-based white light materials. In this 

paper, we utilized the ligands HL1, HL2 and Eu(III) ions 

successfully to prepare two 1D chain coordination polymers 1 

and 3. Upon excited with UV, partial energy transfer from the 

ligands to metal centre results in Eu(III)-based red light 

emission in addition to the ligand-based blue/green emission. 

According to adjust the length of the linkers, energy transfer 

efficiency is effectively controlled, and white light emission is 

subsequently obtained in 3. This open a new way for synthesis 

of lanthanide white light materials that Ln(III) ions 

luminescence is sensitized by the singlet excited state of blue-

emitting  fluorophore, meanwhile three primary colours are 

balanced by controlling ligands-to-Eu(III) energy transfer 

efficiency according to change the length of linkers. In 

addition, 3 will be the only example to achieve white light 

emission from the Ln-CPs that only one ligand and one 

lanthanide are present. 

Experimental 

Materials and Instruments 

The commercially available chemicals were analytical reagent 

grade and used without further purification. 1,8-naphthalic 

anhydride (99%, A. R.) was purchased from Shanghai Darui 

Finechemical Co. (Shanghai, China). LnCl3·6H2O was prepared 

according to the literature by dissolving 99.99% oxide in a 

slight excess of hydrochloric acid. The solution was evaporated 

and the precipitate was recrystallized from water. All other 

starting materials were of analytical grade as obtained from 

commercial sources without further purification. 

Elemental analyses (C, H, N and O) were performed on an 

Elementar Vario EL cube analyser. FT-IR spectra were 

obtained on a Perkin-Elmer Spectrum One spectrophotometer 

by using KBr disks in the range of 4000–450 cm–1. UV spectra 

were recorded on a Perkin-Elmer Lambda 25 spectrometer. 

Thermal analyses were conducted on a Perkin-Elmer STA 6000 

with a heating rate of 10 ºC min–1 in a temperature range from 

30 ºC to 800 ºC. Electrospray TOF (ESI-TOF) mass spectra 

were recorded on Bruker maXis mass spectrometers. Crystal 

data of the complexes were collected on a Xcalibur, Eos, 

Gemini diffractometer with Mo Kα radiation (λ = 0.71073 Å). 

All data were collected at a temperature of 23 ± 2 ºC. The 

structures were solved by the direct methods and refined on F2 

by full-matrix least-squares using the SHELXTL-97 program. 

The Ln(III) ions were easily located and then non-hydrogen 

atoms (C, N and O) were placed from the subsequent Fourier-

difference maps. All non-hydrogen atoms were refined 

anistropically. A summary for data collection and refinements 
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were given in Table S1. Excitation and emission spectra were 

measured with an Edinburgh FLS 920 fluorescence 

spectrophotometer. Luminescence lifetimes were recorded on a 

single photon counting spectrometer from Edinburgh 

Instrument (FLS 920) with microsecond pulse lamp and a 

picosecond laser as the excitation sources. The data were 

analysed by software supplied by Edinburgh Instruments. The 

quantum yields for the complexes were determined at room 

temperature through an absolute method using an Edinburgh 

instruments’ integrating sphere coupled to the modular 

Edinburgh FLS 920 fluorescence spectrophotometer. The 

values reported are the average of three independent 

determinations for each sample. The absolute quantum yield 

was calculated using the following expression: 

∫∫
∫

−
=Φ

samplereference

emission

EE

L
     (1) 

Where Lemission is the emission spectrum of the sample, 

collected using the sphere, Esample is the spectrum of the 

incidence light used to excite the sample, collected using the 

sphere, Ereference is the spectrum of the light used for excitation 

with only the reference in the sphere. The method is accurate 

within 10%. The Commission International de I’Eclairage 

(CIE) colour coordinates were calculated on the basis of the 

international CIE standards.19 

Synthesis of 2-(1,8-naphthalimido)ethanoic acid (HL1). A 

mixture of glycine (6.01 g, 0.08 mol) and triethylamine (8.08 g, 

0.08 mol) in 170 mL i-propanol was stirred for 10 minutes at 

room temperature, followed by the addition of 1,8-naphthalic 

anhydride (7.93 g, 0.04 mol) in portions, which was then 

refluxed for 5 hours. After cooled to the room temperature, the 

resulting mixture was poured into 500 mL ice water and 

acidified to pH = 5–6 using hydrochloric acid (2 M solution). 

The resulting white precipitate was filtered and washed with 

water three times. Recrystallization from THF and water gave 

white crystals (7.45 g, 73% yield). Anal. Calc. for C14H9NO4 

(255.23): C, 65.88; H, 3.55; N, 5.49; O, 25.07. Found: C, 65.97; 

H, 3.50; N, 5.44; O, 25.09. 1H NMR (DMSO-d6, 400Mz): δ 

(ppm): 13.05 (s, 1H), 8.54 (t, J = 7.10 Hz, 4H), 7.93 (d, J = 8.06 

Hz,  2H), 4.76 (s, 2H); IR (KBr, cm–1): 3336, 3016, 1705, 1663, 

1590, 1432, 1380, 1294, 1257, 1238, 977, 781. ESI-MS m/z 

256 [M + H]+. 

Synthesis of 3-(1,8-naphthalimido)propanoic acid (HL2). 

HL2 was prepared in the same manner as used in HL1. (7.64 g, 

Yield: 71%). Anal. Calc. for C15H11NO4 (269.25): C, 66.91; H, 

4.12; N, 5.20; O, 23.77. Found: C, 66.88; H, 4.21; N, 5.23; O, 

23.68. 1H NMR (DMSO-d6, 400Mz): δ (ppm): 12.32 (s, 1H), 

8.52–8.46 (m, J = 6.26 Hz, 4H), 7.91–7.87 (m, J = 7.41 Hz, 

2H), 4.31–4.27 (t, J = 7.65 Hz, 2H), 2.63–2.60 (t, J = 7.81 Hz, 

2H); IR (KBr, cm–1): 3362, 1700, 1658, 1588, 1550, 1434, 

1382, 1345, 1233, 1032, 778. ESI-MS m/z 270 [M + H]+, 292 

[M + Na]+. 

Synthesis of the complexes {Ln(L1)3(CH3OH)(H2O)}n [Ln 

= Eu (1), Gd(2)]. A methanol solution (10 mL) of HL1 (15.3 

mg, 0.06 mmol) and triethylamine (6.06 mg, 0.06 mmol) were 

allowed to diffuse slowly into the aqueous solution (10 mL) of 

LnCl3·6H2O (0.02 mmol) in a long test tube with a buffer layer 

of pure methanol placed between the two solutions. The tube 

was sealed and allowed to stand at room temperature. 

Colourless crystals of 1 suitable for X-ray analysis were 

obtained in about two weeks. 

{Eu(L1)3(CH3OH)(H2O)}n (1) Yield: 68%. Anal. Calc. for 

C43H30N3O14Eu: C, 53.54; H, 3.13; N, 4.36; O, 23.22. Found: 

C, 53.53; H, 3.19; N, 4.23; O, 23.24. IR (KBr, cm–1): 3536, 

3326, 3015, 1705, 1656, 1576, 1432, 1380, 1298, 1238, 977, 

781. 

{Gd(L1)3(CH3OH)(H2O)}n (2) Yield: 65%. Anal. Calc. for 

C43H30N3O14Gd: C, 53.25; H, 3.12; N, 4.33; O, 23.09. Found: 

C, 53.23; H, 3.18; N, 4.28; O, 23.12. IR (KBr, cm–1): 3327, 

3078, 1705, 1663, 1570, 1435, 1380, 1293, 1237, 977, 781.  

Synthesis of the complexes {[Ln(L2)3(H2O)]·H2O}n [Ln = 

Eu (3), Gd (4)]. The methods used for the syntheses of 

complexes 3 and 4 are similar to that used for 1 and 2, except 

HL1 is replaced by HL2. 

{[Eu(L2)3(H2O)]·H2O}n (3) Yield: 67%. Anal. Calc. for 

C45H34N3O14Eu: C, 55.44; H, 3.45; N, 4.23; O, 22.56. Found: 

C, 55.42; H, 3.46; N, 4.20; O, 22.59. IR (KBr, cm–1): 2917, 

2638, 1693, 1653, 1585, 1438, 1352, 1271, 1221, 1173, 929, 

781. 

{[Gd(L2)3(H2O)]·H2O}n (4) Yield: 63%. Anal. Calc. for C45 

H34N3O14Gd: C, 54.16; H, 3.43; N, 4.21; O, 22.44. Found: C, 

54.20; H, 3.46; N, 4.20; O, 22.48. IR (KBr, cm–1): 3536, 3326, 

3015, 1702, 1661, 1625, 1591, 1563, 1532, 1441, 1384, 1345, 

1263, 1235, 1033, 780. 

Result and discussion 

Characterization of the ligands and complexes 

The synthetic procedures adopted for the ligands HL1, HL2 and 

their Ln(III) complexes 1–4 are described in Schemes 1. The 1H 

NMR spectra of HL1 and HL2 obtained at 400 MHz in DMSO-

d6 are shown in Fig. S1 and S2 (ESI†). The chemical shift 

values of aromatic protons are in the range of 7.87–7.95 and 

8.46–8.56 ppm, respectively. The chemical shift values in HL1 

are slightly bigger than that in HL2 due to the stronger 

deshielding effect of the withdrawing carboxyl group in HL1, 

which is more close to the aromatic protons than in HL2. In HL1, 

the singlet peaks present at 13.05 and 4.75 ppm are attributed to 

the carboxylate proton and methylene protons, respectively. In 

HL2, the carboxylate proton presents at 12.32 ppm. Two sets of 

triplet peaks observed at 2.60–2.63 and 4.27–4.31 ppm are 

attributed to the ethidene protons Hb' and Hc', respectively. The 

triplets are the results of the spin-spin coupling of the adjacent 

protons, and being close to the withdrawing carboxyl group 

make the Hb' presents at downfield. The FT–IR spectra of 

complexes 1–4 show a broad absorption in the region of 3000–

3500 cm–1, thereby indicating the presence of solvent molecules 

in the complexes. The carbonyl stretching frequency of imide in 

free ligands (νs (C=O) = 1656 cm−1) almost do not shift in 1–4, 

which means the absence of coordination of these imide groups 

to the Ln(III) cations. However, the stretching vibrations of the 
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carboxyl groups in free ligands (νs (C=O) = 1702 cm−1) shift to 

lower wavenumbers in the complexes (1, 1569 cm–1; 2, 1567 

cm–1; 3, 1546 cm−1 and 4, 1532 cm−1), thus indicating the 

coordination of the oxygen atoms to the lanthanide ions. To 

examine the thermal stability and solvent content of the 

complexes, thermogravimetric analyses are carried out for 1–4 

(Fig. S3†). The TG curves of 1–2 are similar and exhibit two 

main weight losses. The first step of weight loss occurs 

between 150 and 230 ℃ (1, found: 5.1%, calcd: 5.2%; 2, found: 

5.1 %, calcd: 5.2%), corresponding to the losses of water and 

methanol molecules. The second step from 360 to 495 ℃ 

corresponds to the thermal decomposition of the organic 

ligands and finally leading to the formation of the 

stoichiometric amounts of Ln2O3 (1, found: 18.4%, calcd: 

18.2%; 2, 18.6%, calcd: 18.7%). Similarly, complexes 3 and 4 

all undergo mass loss of about 3.5% between 60 to 150 ℃, 

corresponding to the loss of two molecule of water (calcd: 3.6% 

for 3 and 4). Then, a long plateau is observed until a full 

decomposition at ca. 300 ℃. 

Structural description 

Structural analysis of {Eu(L1)3(CH3OH)(H2O)}n (1). The 

single crystal X-ray analysis reveals that 1 crystallize in the 

monoclinic space group C2/c (Table S1). The structure unit 

[Eu(L1)3(CH3OH)(H2O)] of 1 consists one crystallographically 

independent Eu(III) ion, three L1 ligands, one coordinated water 

and one coordinated methanol molecule. 

 
Fig. 1 View of the structure of 1: (a) Stick depiction of infinite 1D Eu chain. (b) 3D 

structure of 1 along the [0 0 1] direction. All H atoms are omitted for clarity. 

The Eu(III) centre is coordinated with seven oxygen atoms 

from five L1 ligands, one hydrate oxygen atom and one 

methanol oxygen atom. The Eu–O bond distances are in range 

of 2.391(4)–2.551(3) Å. One L1 ligand and one ethanol 

molecule are found disordered and their occupancy is treated as 

0.5:0.5. The carboxylate groups of L1 ligand adopt two different 

types of coordination modes: (i) one of the carboxylate group 

adopts monodentate coordination mode (Fig. S4); (ii) the other 

one adopts a µ2-ŋ
1-ŋ2-bridging coordination mode (one oxygen 

atom of the carboxylate group connects two Eu atoms, the other 

one connects one europium atom and the carboxylate group 

coordinates to two metal atoms). Eu(III) and L1 are connected 

to form a 1D chain structure (Fig. 1a), which are stitched 

together to form a 3D framework via parallel π–π interactions 

between naphthalimide moieties among six neighbouring 

chains (Fig. 1b). The π–π distances are 3.550 and 3.414 Å, 

respectively (Fig. S6). 

Structure analysis of {[Eu(L2)3(H2O)]·H2O}n (3). The single 

crystal X-ray diffraction analysis reveals that 3 crystallize in the 

monoclinic space group P21/c (Table S1). The structure unit 

[Eu(L2)3(H2O)]·H2O of 3 contains one Eu(III) ion, three L2 

ligands, one coordinated water molecule and one lattice water 

molecule. 

 
Fig. 2 View of the structure of 3: (a) Stick depiction of infinite 1D Eu chain. (b) 3D 

structure of 3 along the [1 0 0] direction. All H atoms are omitted for clarity. 

The Eu(III) centre is coordinated with eight oxygen atoms 

from five L2 ligands and one hydrate oxygen atom. The Eu–O 

bond distances are in range of 2.335(9)–2.544(9) Å. In contrast 

to the coordination fashion in 1, the carboxylate group in 3 
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adopt another two different types of coordination modes: (i) µ1-

ŋ1-ŋ1-bridging fashion; (ii) µ1-ŋ
1-ŋ2-bridging fashion, (Fig. S5). 

As observed in 1, Eu(III) and L2 are further connected to form a 

one-dimensional chain structure in 3 (Fig. 2a), which are 

stitched together to form a 3D framework via parallel π–π 

interactions between naphthalimide moieties among six 

neighbouring chains (Fig. 2b). The π–π distances are 3.454 and 

3.816 Å, respectively (Fig. S7). As the length of the alkyl chain 

is increased, the configuration of the 1,8-naphthalimide 

moieties in 3 present some alternations in comparison to that in 

1. And longer distances are detected between the adjacent 

chains, resulting in larger space for the full accommodation of 

naphthalimide groups. The adjacent Eu···Eu distances in the 

same strand is 4.200 Å for 1 and 4.095 Å for 3. And the 

Eu···Namide distances in the range of 6.401–6.645 Å in 3 are 

relatively longer than that of 5.108–5.874 Å in 1 with the 

increase of the alkyl chain length. The powder XRD patterns of 

the complexes 1, 2 and 3, 4, as shown in Fig. S8, coincide with 

the calculated PXRD pattern of their corresponding structures, 

indicating that the Gd complexes are isostructural with their 

corresponding Eu analogues.  

The photophysical properties of the ligands 

The UV-Vis absorption spectra of the ligands HL1 and HL2 in 

methanol are shown in Fig. 3. The spectra display intense bands 

in the UV region at 250–370 nm with the maximum at 332 nm 

corresponding to the singlet-singlet 1π–π* electronic transition 

of the 1,8-naphthalimide moieties in ligands. Similar spectra 

can also be observed in unsubstituted 1,8-naphthalimide.20 

Upon excitation with their maxima absorption bands, both 

ligands emit broad bands in the range of 330–525 nm with 

maxima around 386 nm in methanol. However, the emission 

bands of the ligands in solid state appear obvious red shift with 

the more broad bands in the range of 380–600 nm, which 

almost cover the whole blue-green regions of the spectra. The 

large red-shift of the emissive bands is the result of aggregation 

of ligands in the solid-state. Therefore, the ligands with the 

blue-green luminescence that combine the Eu(III) ions red 

luminescence are suitable for the construction of lanthanide 

white light materials. 

 

Fig. 3 Normalized absorption spectra of the ligands HL
1 

and HL
2
 (blank lines); 

emission spectra (blue lines) in CH3OH; emission spectrum in solid state (red 

lines). 

Luminescence properties of the complexes 

As mentioned above, the ligands emit blue-green fluorescence 

in the solid state. Therefore, it is possible to achieve white light 

emission for Eu(III) complexes by incorporating the ligand-

based blue-green emission and Eu(III) ions red emission. For 

investigating the photophysical properties of the ligands in 

complexes and the process of energy transfer from ligand to the 

metal centres, two Gd(III) complexes  

{Gd(L1)3(CH3OH)(H2O)}n
 (2) and {[Gd(L2)3(H2O)]·H2O}n (4) 

are prepared. Because the Gd(III) ions has no energy levels 

below 32 150 cm–1, and thus cannot accept energy from the 

triplet and singlet sates of the ligands. The complexes 2 and 4 

could therefore be used as models to study the fluorescence of 

the ligands in complexes. 

 
Fig. 4 Emission spectra of the complexes 1 and 2 in the solid state 

As shown in Fig. 4, the complexes 1 and 2 all show 

characteristic blue-green emissions of the ligand HL1 with the 

bands in the range of 375–600 nm. In comparison with the 

emission of the ligand in complex 2, the emissive intensity of 

the ligand in 1 shows obvious decrease, and the maximum of 

the emission band blue-shifts from 475 nm to 420 nm. 

Moreover, 1 also shows a series of characteristic narrow band 

emissions of Eu(III) ions at 590, 614, 650, and 696 nm, 

corresponding to the 5D0 → 7FJ (J = 1, 2, 3, 4) transition. It 

indicates the appearance of partial energy transfer from the 

ligand to Eu(III) ions. It is worth noting that the intensity of the 

low-energy fluorescence band of the ligand in 1 decrease 

obviously compared to that observed in 2, which means the 

energy in this region better match the 5D0 level of Eu(III) ion. 

However, it is a pity that the efficient energy transfer from the 

ligand to Eu(III) ions results in small ratio of blue-to-red 

emission components, and the complex 1 still emits red light 

dominated by the characteristic emission bands of Eu(III) ions. 

Upon excited at 320 nm, its CIE coordinate is located at (0.403, 

0.164). In view of the possible effect of the excited wavelengths 

on emissive components of the complex, we investigated the 
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variation trends of the emission spectra with the excitation 

wavelengths changing from 300 to 380 nm (Fig. S9). The 

corresponding emission colours are illustrated in the CIE 

chromaticity diagram, while the corresponding CIE colour 

coordinates are listed in Table S2. It can be seen that the colour 

coordinates are almost constants and the emission colours 

located at red region of chromaticity diagram. 

 
Fig. 5 Emission spectra of the complexes 3 and 4 in the solid state 

In order to make the complex a better white-light emitter, it 

should be necessary to decrease the efficiency of ligand to 

Eu(III) energy transfer process such that the ratio of blue-to-red 

emission components is increased to give a better balance. 

Herein, we synthesized HL2 to adjust the distance between the 

chromophore and the carboxylic group to reduce the energy 

transfer efficiency. The emission spectra of 3 and 4 are shown 

in Figure 5. Upon excited at 320 nm, the complexes again show 

ligand-based blue-green emission as that observed in 1 and 2. 

Similarly, the relative emission intensity of ligand in 3 also 

shows obviously decrease in comparison to that in 4. In 

addition, a series of characteristic emission bands of Eu(III) 

ions are also observed in complex 3. Fortunately, the complex 3 

displays bright white light to the eyes under UV irradiation. As 

excitation at 320 nm, 3 exhibited a nearly white light emission 

with CIE coordinates of (0.338, 0.312), which is much closed to 

the standard white light (0.333, 0.333) according to the 1931 

CIE diagram. Furthermore, the variation trends of the emission 

spectra for 3 with the excitation wavelengths are shown in Fig. 

S10. Notably, all the CIE colour coordinates are almost 

constant and the colours of emissions fall within the white 

region of the 1931 CIE chromaticity diagram.  

  In addition to the steady-state emission, we also carried out 

the luminescence quantum yields and the time-resolved 

photoluminescence decay dynamics study. The calculation 

results are listed in Table 1. The luminescence quantum yield of 

1 measured under excitation at 320 nm reaches to a value of 

13.0%. However, the value are comprised of two part emissions 

of the ligands and Eu(III) ions, in which the quantum yield of 

the ligand is 7.8%, and Eu(III) ion is 5.2%. In complex 3, the 

luminescence quantum yield decrease up to 11.9% with the 

values of 8.1% for ligand and 3.8% for Eu(III) ions. 

Noteworthily, the value is higher than the most of reported 

white-light organic-metal materials.8a, 10a, 21 In comparison to 

the ligand-centred quantum yields of the Eu(III) complexes, the 

corresponding Gd(III) complexes have higher values (16.5%, 2;  

14.8%, 4). In order to investigate the effect of the length of 

linkers on the emission components of the complexes, the 

efficiency of the energy transfer from ligand to Eu(III) ions is 

estimated by 

)/(1 Gd
ET

Eu
ETET ΦΦ−=Φ       (2) 

Where ΦEu 
ET is the quantum yield of the residual energy transfer 

emission of the ligand in the Eu complexes and ΦGd 
ET  is the 

ligand-centred quantum yields of the non-emissive Gd 

complexes in the absence of any energy transfer to the metal. 

According to this equation, the calculated value for 1 (Φ 
ET = 

52.7%) is higher than that for 3 (Φ 
ET = 45.2%). It indicates that 

the increase of the length of the linkers between the 

chromophore and the metal centre effectively decrease ligand-

to-metal energy transfer efficiency, and thus balance the RGB 

luminescence components in 3.  

Table 1 Summary of quantum yields (Φ) and lifetimes (τ) of complexes 1–4. 

Parameters 1 2 3 4 

Lτ
obs 

(ns) 1.14 
5.40 

4.47 
13.67 

3.13 
11.09 

6.17 
18.89 

Eu3+τobs  (µs) 346 - 274 - 

QY(L) (%) 7.8 16.5 8.1 14.8 

QY(Eu
3+

) (%) 5.2 - 3.8 - 

QYoverall (%) 13.0 16.5 11.9 14.8 

The luminescence lifetimes of the ligands in complexes 1–4 

are determined by monitoring the emission decay curves of the 

ligands at 460 nm. Typical decay profiles are shown in Fig. 

S11, and all the decay curves are well-fitted by double-

exponential functions. The relatively shorter lifetimes are at 

1.14–6.17 ns, while the longer are at 5.40–18.89 ns. It is noted 

the lifetimes of the ligands in Eu(III) complexes are obviously 

shorter than that observed in corresponding Gd(III) complexes. 

It indicates the presence of a depopulation of the singlet states 

of ligands by energy transfer from ligand to Eu(III) ions. The 

luminescence lifetimes of Eu(III) ions are determined by 

monitoring the emission decay curves within the 5D0 → 7F2 

transition at 614 nm (Fig. S12). The decay curves give 

satisfactory fits to the single-exponential lifetimes, which 

suggest that only one species exists in the excited state in the 

two complexes. The values are 346 µs and 274 µs for 1 and 3, 

respectively.  

Energy transfer between ligands and Eu(III) ions 

In general, energy transfer in the sensitized luminescence of 

Ln(III) ions is widely accepted to take place mainly from the 

triplet state of the sensitizer. Therefore, most research towards 

luminescent lanthanide complexes mainly focus on the design 

of the ligands with a triplet state matching the excited state 

energy level of lanthanide ions. Although seldom observed, 
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energy transfer from the singlet state of the ligand to the metal 

centre has been evidenced in the recent examples.22 It has been 

proven that when the intersystem crossing rate is smaller than 

about 1011 s–1, a singlet transfer mechanism is consistent with 

the experimental data. In this paper, 1,8-naphthalimide unit as a 

sensitizer does not directly coordinate to Ln(III) ions, but be 

excluded from the first coordination sphere. This separation 

will obviously lower the intersystem crossing rate, meanwhile, 

improve the energy transfer rate from the singlet state to metal 

centres. The Gd(III) ions has no energy levels below 32 150 

cm–1, and thus cannot accept energy from the triplet and singlet 

sates of the ligands. Therefore, the emissions of the Gd 

complexes 2 and 4 undoubtedly originate from the singlet state 

transition of ligand in the absence of any energy transfer to Gd 

ions. As mentioned in the previous section, the luminescence 

quantum yields and lifetimes of the 1,8-naphthalimide moieties 

in 1 and 3 are obviously lower than the corresponding Gd(III) 

complexes 2 and 4. In view of the same heavy atom effect of 

Eu(III) and Gd(III) ions on the intersystem crossing, thus the 

decrease of the luminescence quantum yields in Eu(III) 

complexes compared with the Gd(III) complexes can only be 

attributed to a direct energy transfer from the singlet state to the 

Eu(III) ions.  

 
Fig. 6 (a) Emission spectrum of 4 at room temperature in the solid state (black 

line) and  phosphorescence spectrum of HL
2
 recorded at 77 K (red line). (b) UV-

Vis absorption spectrum of EuCl3 in water. 

In addition, for a fast energy transfer, the ligands excited 

states and the accepting lanthanide energy level should be 

matched, that is, there should be spectral overlap between the 

donor (sensitizer) and the accepter (lanthanide ions) energy 

levels. The good match between the fluorescence profile of the 

1,8-naphthalimide unit of Gd(III) complexes 2, 4 and the 

highest density of f–f absorptions in the UV-Vis spectrum of 

Eu(III) in water (300–600 nm region) is shown in Fig. 6 and 

Fig. S13. The fluorescence from the naphthalimide unit which 

lies in the 375–600 nm regions almost overlaps with all the 

excited states of Eu(III) in the region from 5D0 to 5D4. Direct 

population of many of these from the 7F0 ground state is 

allowed according to the selection rules for either Förster or 

Dexter energy-transfer to lanthanide ions.23 In contrast the 

lower-energy phosphorescence of the naphthalimide unit occurs 

in an energy region where there is very little overlap with f–f 

absorptions of Eu(III), with the only overlapping f–f excited 

state being 5D0. The poor donor and acceptor overlap, make T1 

→ Eu (5D0) energy-transfer particularly slow. Moreover, direct 

population of the 5D0 level from the 7F0 ground state is 

forbidden by either Förster or Dexter energy-transfer, as it is a J 

= 0 → J = 0 transition. Overall it is reasonable that 

naphthalimide (S1) → Eu (5D0) energy-transfer should be much 

faster than T1 → 5D0 energy transfer. This is different from the 

usually situation as observed in white-light-emitting lanthanide 

complexes where sensitization of lanthanide luminescence 

occurs exclusively from ligands T1 states. In a word, 

sensitization of Eu(III) ions luminescence with the singlet 

excited state of the blue-emitting fluorescence should well 

solve the problem of the lower quantum yields of the white-

light-emitting lanthanide complexes caused by the mismatch of 

energy levels between chromophore and Ln(III) ions. 

Conclusion 

In summary, we have successfully designed and synthesized a 

new coordination polymer {[Eu(L2)3(H2O)]·H2O}n to achieve 

white light emission. Through adjusting the length of the 

linkers between the chromophore and the metal centre, energy 

transfer efficiency from ligands to Eu(III) ions is effectively 

controlled. This effective adjustment realized the balance of 

three primary colours, and thus resulting in white light emission 

of 3. The luminescence quantum yield of 3 reaches up to 

11.9%, higher than the most of reported white-light lanthanide 

complexes. This work realized the idea of construction of white 

light emitting materials by employing the blue-emitting 

fluorophore with high quantum yields as sensitizer for Eu(III) 

luminescence. Our future research will focus on exploiting 

similar Eu(III)-based white light materials with high quantum 

yields by employing the high efficiency blue-emitting 

fluorophore as ligands.  
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