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Abstract Six novel complexes of lanthanide nitrates (Ln =
La, Sm, Eu, Gd, Tb, Dy) with a amide type ligand, N-
methyl-N-phenyl-2-(quinolin-8-yloxy)acetamide (L) have
been prepared and characterized by elemental analysis,
conductivity measurements, IR and 1H NMR spectra. The
fluorescence properties of the complexes and the triplet
state energy of the ligand were studied in detail. The result
indicates that, the triplet state energy level of the ligand
matches better to the resonance level of Eu(III) than Tb(III).
In addition, the fluorescence intensities of the Eu(III)
complex in different solutions(tetrahydrofuran, acetone
and acetonitrile) are stronger than that in solid state. This
is probably due to the solvate effect and the stoichiometry
change of ligand with Eu(III) ion in solutions.
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Introduction

The Eu(III) and Tb(III) complexes are noted for their
fluorescence arising from f–f transitions, which result in
emission bands with extremely narrow bandwidth and no
theoretical cap on the quantum efficiency. This makes them
have potential applications as light-emitting diode (LED),

laser materials, optical signal amplification and fluoroim-
munoassay [1–4]. However, direct excitation of Eu(III) or
Tb(III) ion is not efficient because of its inherently small
absorption cross section. To overcome this problem, an
organic chromophore, which serves as an antenna or
sensitizer, absorbing the excitation light and transferring
the energy from its lowest triplet state energy level (T) to
the resonance level of Eu(III) and Tb(III) ions, is highly
desired [5–9].

It is expected that the amide type ligands, which are
flexible in structure and have ‘terminal-group effects’ [10–
12], will shield the encapsulated lanthanide ion from
interaction with the surroundings effectively, and thus to
achieve strong fluorescent properties. Therefore, a amide-
based open-chain ligand was selected as ‘antenna’ in this
work. Moreover, the lowest triplet energy level of the
ligand (T), the fluorescent properties of the complexes and
the stoichiometry of ligand with Eu(III) ion in solutions
were studied in detail.

Experimental

Materials

The lanthanide(III) nitrates were prepared from their oxide
acquired from Yue Long (People’s Republic of China). All
other chemicals used were of analytical grade. Absolute
chloroform and N,N′-dimethylformamide (DMF) were
obtained after being distilled by standard methods.

Physical measurements

The melting point of the ligand was determined on a XT4-
100x microscopic melting point apparatus (made in Beijing,
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China). Elemental analyses were carried out on an
Elemental Vario EL analyzer. The metal contents of the
complexes were determined by titration with EDTA. The
infrared spectra (IR, ν=4,000–400 cm−1) were determined
by the KBr pressed disc method on a Nicolet-170SX FT-IR
spectrophotometer. 1H NMR spectra were recorded on
Bruker DRX-200 spectrometer in CD3COCD3 solutions.
All conductivity measurements were carried out with a
DDS-11A conductometer (made in China) bridge using
1.0×10−3 mol/l solutions in DMF at 25 °C. The mass
spectrum was obtained on a TRACE DSQ GC/MS. The
ultraviolet absorption spectra were measured on Shimadzu
UV-240 spectrophotometer. Fluorescence emission and
excitation spectra were determined on a Hitachi F-4500
FL spectrophotometer. Phosphorescence spectra at 77 K
were taken on the same spectrophotometer equipped with
phosphorescence measurement apparatus. All the com-
plexes were dried at 100 °C to constant weights before
these measurements.

Preparation of L

The synthesis scheme is shown in Fig. 1. The compound 1
was prepared according to the literature [13].

8-Hydroxyquinoline (1.5 g, 10.3 mmol) and anhydrous
potassium carbonate (1.6 g, 11.6 mmol) were added to
DMF(15 ml), then 1 (2.45 g, 10.0 mmol) and a small
quantity of KI were added. The reaction mixture was stirred
for 5 h at 100–110 °C. After cooling down, 150 ml water
was added and stirred for 2 h. The precipitate was collected
by filtration and washed with water to get the ligand L;
yield=88.9 %. m.p. 120–121 °C; MS, m/z=354 [M]+.

The 1H NMR chemical shifts δ (ppm/TMS) for the
protons of L in CD3COCD3 are listed in Table 3.

Synthesis of the complexes

The ligand (L) (0.1 mmol) was dissolved in ethyl acetate
(2 ml). To this solution was added dropwise a ethyl acetate
solution (2 ml) containing Ln(NO3)3·nH2O (0.05 mmol).
After stirring for 4 h at room temperature, the precipitate
was separated from the solution by suction filtration,
purified by washing several times with ethyl acetate, and
dried for 24 h in a vacuum. The yields were in the range of
50–60 %.

Result and discussion

Analytical data for the complexes, presented in Table 1,
conform to Ln(L)2(NO3)3. All complexes are white pow-
ders, which are soluble in DMF, DMSO, acetone, methanol,
acetonitrile and ethanol, slightly soluble in ethyl acetate,
while insoluble in water and ether. The molar conductivity
values of the complexes in DMF are in the range of 91–
115 s cm2 mol−1, indicating that the complexes are 1:1
electrolytes [14].

IR spectra

On the basis of the similar IR spectra of the complexes
(Table 2), it may be assumed that all of them have similar
coordination structures. The IR spectrum of the free ligand
show strong band at 1,679 cm−1, which are attributable to
stretch vibrations of the carbonyl group of amide (ν(C=O)).
The peak at 1,618 cm−1 to ν(C=N) and the peak at
1,258 cm−1 to ν(Ar–O–C). In the IR spectra of their
lanthanide(III) complexes, the ν(C=O) and ν(C=N) shift by
13–44 and 19–30 cm−1, respectively; indicating that
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Fig. 1 Synthesis scheme of the
ligand

Table 1 Analytical and molar
conductance data for the
complexes

Complexes C% (calc.) H% (calc.) N% (calc.) Λm(s cm
2 mol−1)

La(L)2(NO3)3 53.54 (53.45) 3.23 (3.51) 9.17 (9.48) 90.5
Sm(L)2(NO3)3 52.43 (52.86) 3.34 (3.47) 9.03 (9.38) 115.0
Eu(L)2(NO3)3 52.10 (52.78) 3.24 (3.47) 9.04 (9.37) 108.5
Gd(L)2(NO3)3 52.14 (52.51) 3.37 (3.45) 8.86 (9.32) 110.3
Tb(L)2(NO3)3 51.96 (52.43) 3.22 (3.44) 8.95 (9.30) 106.7
Dy(L)2(NO3)3 51.72 (52.25) 3.27 (3.43) 8.91 (9.27) 114.9
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carbonyl oxygen atom and quinoline nitrogen atom take
part in coordination to the metal ion [15, 16]. However, the
slight shift of ν(Ar–O–C) between each complex and the
ligand indicates that the etheric oxygen atom does not
coordinate with the metal ion. It is possibly due to the fact
that the molecules have large sterically hindered effect,
which prevents the etheric oxygen atom from coordinating
with lanthanide ion.

For all complexes, bands at 1384 cm−1 in the spectra of
complexes indicate that free nitrate groups (D3h) exist [17].
Additionally, the two intense absorption bands in the
spectra associated with the asymmetric stretching appear
in the range of 1,312–1,319 cm−1 (ν4) and 1,492–
1,494 cm−1 (ν1), clearly establishing that there are some
coordinated NO3

− groups (C2v) in the complexes [18]. The
differences between the two bands lie in 173–180 cm−1,
suggesting that the coordinated nitrate groups in the
complexes are bidentate [19].

1H NMR spectra

The 1H NMR spectra of the free ligand and its La(III)
complex were measured in CD3COCD3 at room tempera-
ture (Table 3). For L, the signals of H1, H3, H6, H7 and
H2, 4, 5, 8–17 are at 8.86–8.89, 8.25–8.30, 7.14–7.19, 4.95
and 7.33–7.54 ppm, respectively. Upon coordination, they
are shifted by 0.14, 0.17–0.18, 0.03–0.04, 0.27 and
0.16 ppm in the La(III) complex, respectively. Among
them, the signal of proton H6 shifted by only 0.03 ppm,
indicating that the etheric oxygen atom has not formed a
coordinative bond with La(III) ion. The small shift is probably
due to a change in the conformation of the ligand in the

complex [20]. Thus, it can be concluded that the oxygen
atom of the carbonyl group and quinoline nitrogen atom take
part in coordination in the La(III) complex [21, 22]. The
result is in accordance with some of the assumptions made
on the basis of the IR spectra studies.

According to the data of the elemental analyses, molar
conductivity, IR spectra and 1H NMR spectra, composition
of the complexes can be inferred: [Ln(L)2(NO3)2]NO3. And
the coordination number for the lanthanide ions may be 8.
The possible molecular structures of the complexes are
shown in Fig. 2.

Fluorescence

The emission spectrum of the Eu(III) complex in solid state
is shown in Fig. 3 (solid). The Eu(III) and Sm(III) com-
plexes show the strong red fluorescence in solid state, the
spectra data are shown in Table 4. However, the Tb(III) and
Dy(III) complexes only exhibit the free ligand band emis-
sion, which indicates that the energy would not be
transferred efficiently between the ligand triplet level and
the resonance levels of the Tb(III) and Dy(III) ions.

Table 2 Major IR data of the free ligand and its complexes (cm−1)

Compounds ν (C=O) ν (C=N) ν (Ar–O–C) ν0 (NO3) ν1 (NO3) ν4 (NO3) ν1–ν4 (NO3)

L 1,679 1,618 1,258
La(L)2(NO3)3 1,666 1,637 1,258 1,384 1,492 1,319 173
Sm(L)2(NO3)3 1,642 1,590 1,259 1,384 1,492 1,312 180
Eu(L)2(NO3)3 1,638 1,588 1,260 1,384 1,493 1,313 180
Gd(L)2(NO3)3 1,640 1,590 1,260 1,384 1,492 1,314 178
Tb(L)2(NO3)3 1,636 1,589 1,262 1,384 1,494 1,316 178
Dy(L)2(NO3)3 1,635 1,592 1,262 1,384 1,494 1,317 177

Table 3 The 1H NMR data of free ligand and its La(III) complex in
CD3COCD3 (ppm)

Compounds H1 H3 H6 H7 H2, 4, 5, 8–17

L 8.86–8.89 8.25–8.30 7.14–7.19 4.95 7.33–7.54
La(L)2(NO3)3 9.00–9.03 8.43–8.47 7.18–7.22 5.22 7.33–7.70
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Fig. 2 Possible molecular structure of the complexes
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The influences of several solvents on the fluorescence
intensity of the Eu(III) complex were investigated (Fig. 3
(solution)). It could be seen that in tetrahydrofuran solution
the Eu(III) complex has the strongest fluorescence, and then
in acetone, acetonitrile and ethanol. This is probably due to
the coordinating effects of solvents, namely solvate effect

[23]. However, it is interesting that the fluorescence
intensities of the Eu(III) complex in tetrahydrofuran,
acetone and acetonitrile solutions are stronger than that of
powder. This abnormal phenomenon may be owing to the
structure difference of the Eu(III) complex between in
solution and solid state.

From the emission spectrum data of Eu(III) complex in
solid state (Table 4), it can be seen that the intensity of
5D0→

7F2 transition is only a little stronger than that of
5D0→

7F1 transition, and the value for ηEu=
5D0→

7F2/
5D0→

7F1 is only 1.1. However, from Table 5, the values for ηEu
are 3.34 (tetrahydrofuran), 3.94 (acetone) and 2.86 (aceto-
nitrile). It has been reported that the 5D0→

7F2 transition is
an electric dipole transition, which can be detected as a
relatively strong peak only when Eu(III) does not lie in
centrosymmetric ligand field; on the contrary, the 5D0→

7F1
transition is a magnetic dipole transition, and its intensity
becomes the most intensive only when Eu(III) ion is the
centre of ligand field [24]. Consequently, it can be
concluded that the structure of the Eu(III) complex changes
in the above organic solvents, which leads to the abnormal
fluorescence intensity change.

The fluorescence quantum yields for the Eu(III) and Sm
(III) complexes were measured using the ratio method, [Ru
(bpy)3]Cl2 in degassed acetonitrile solution as a standard,
Φs=0.062 [25]. All the complexes were dissolved in
tetrahydrofuran (1×10−5 mol/l). Each solution was excited
at lmax (Table 4) on a Hitachi F-4500 FL spectrophotom-
eter. The Eq. 1 used for determining the quantum yield, Φc,
of the complexes was [26]:

Φc ¼ FcΦsAs

FsAc
ð1Þ

where F denotes the integrated area under the emission
spectrum; A is the absorbance at the exciting wavelength. A
refractive index correction was used: R2

f tetrahydrofuranð Þ=
R2
f acetonitrileð Þ [27]. The values of Φc are 0.0151 (Eu(III)

complex) and 0.0114 (Sm(III) complex).

Phosphorescence

Phosphorescence spectrum for the methanol–ethanol (1:1)
solution (1×10−5 mol/l) of the Gd(III) complex with the
ligand was measured at 77 K. The lowest triplet-state level

Fig. 3 The fluorescence emission spectrum of the Eu(L)2(NO3)3 com-
plex in solid state at room temperature: lEx=348 nm (solid). The emis-
sion spectra of EuL(NO3)3·H2O in different solutions (5×10−4 mol/l) at
room temperature: 1 tetrahydrofuran, 2 acetone, 3 acetonitrile, 4 ethanol:
lEx=340 nm (solution). All the emission slit widths were 2.5 nm

Table 4 Fluorescence spectra
data (nm) of Eu(III) and Sm
(III) complexes in solid state at
room temperature

Compounds Ex slit Em slit lEx lEm Emission intensity Transition

Eu(L)2(NO3)3 2.5 2.5 348 580 82 5D0→
7F0

594 118 5D0→
7F1

620 130 5D0→
7F2

Sm(L)2(NO3)3 2.5 2.5 348 562 87 4G5/2→
6H5/2

598 102 4G5/2→
6H7/2

644 66 4G5/2→
6H9/2
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energy(T) of the ligand were determined by the shortest
wavelength transition in the phosphorescence spectrum to
be 21,882 cm−1 (457 nm) [28].

Since the triplet state of the ligand is above the resonance
level of Eu(III) ion or Tb(III) ion, the energy may be
transferred from the excited ligand to metal ion. However,
the intramolecular transfer efficiency depends mainly on two
energy transfer processes: one is from the lowest triplet level
(T) of ligand to the resonance level of Eu(III) ion (5D1) by
resonant exchange interaction, and the other is just an inverse
energy transfer by the thermal de-excitation mechanism [29].
Both energy transfer rate constants are dependent on the
energy gap (ΔE) between T and 5D (Table 6).

It has been reported that [29, 30], whenΔE(T−5D1) for Eu
(III) is greater than 4,000 cm−1 or ΔE(T−5D4) for Tb(III) is
less than 1,500 cm−1 , the fluorescence quantum yield of the
Eu(III) or Tb(III) complexes is approximately zero at room
temperature. According to this idea, the strong fluorescence
of the Eu(III) complex is due to the optimal ΔE(T−5D1), and
the Tb(III) complex can not exhibit its characteristic
fluorescence should be due to the small ΔE(T−5D4).

The stoichiometry of ligand with Eu(III) in solution

Figure 4 shows the changes in the emission spectrum of the
ligand L (1×10−5 mol/l) in tetrahydrofuran upon addition of

Eu3+.The insert shows the plot of I0/(I−I0) versus [Eu3+]−1,
where I0 and I represent the emission intensity at 618 nm in
the absence and presence of, respectively. The yielded
straight line confirms that the complexation of Eu3+ into the
ligand is in a 1:1 ratio (linearity correlation coefficient R=
0.997) [31]. Using the same method, it can be found that
the mole ratios of Eu3+ : L are also 1:1 in both acetone (R=
0.984) and acetonitrile (R=0.995). It shows that the
structure of the complex in the three solutions is different
from that in solid state (Eu3+:L=1:2). The result is
consistent with that obtained from the fluorescence spectra
measurements. Complexation constants (log Ks), deter-
mined from such plots for the Eu3+ in different solvents, are
4.60 (tetrahydrofuran), 4.31 (acetone) and 4.34 (acetonitrile),
respectively [32]. In addition, the limits of detection (LOD)
for Eu3+ in tetrahydrofuran, acetone, and acetonitrile were
investigated, the value of them are 9.62×10−7, 3.28×10−6,
and 1.35×10−6 mol/l, respectively.

Conclusions

According to the data and discussion above, it is obvious
that the ligand have formed complexes with lanthanide

Table 6 Triplet state energy for the ligand and the data of ΔE(T−5D)

Complexes 0–0 transition (nm) Triplet state energy level (cm−1) ΔE(T−5D1
a) (cm−1) ΔE(T−5D4

b) (cm−1)

Gd(L)2(NO3)3 457 21882 2862 1382

a5D1=19,020 cm−1 [the resonance level of Eu(III) ion] [33]
b5D4=20,500 cm−1 [the resonance level of Tb(III) ion] [20]

Table 5 Fluorescence spectra data (nm) of the Eu(III) complex in
different solutions at room temperature

Solvent Ex
slit

Em
slit

lEx lEm Emission
intensity

Transition

Tetrahydrofuran 2.5 2.5 340 579 67 5D0→
7F0

594 188 5D0→
7F1

616 628 5D0→
7F2

Acetone 2.5 2.5 340 580 30 5D0→
7F0

594 132 5D0→
7F1

617 520 5D0→
7F2

Acetonitrile 2.5 2.5 340 579 45 5D0→
7F0

593 101 5D0→
7F1

618 289 5D0→
7F2

Ethanol 2.5 2.5 340 591 87 5D0→
7F1

618 106 5D0→
7F2

Concentration=5×10−4 mol/l

Fig. 4 Fluorescence spectra of ligand (a 1.0×10−5 mol/l) with
increasing Eu3+ concentration in tetrahydrofuran. b 1.0×10−6;
c 2.5×10−6; d 5.0×10−6; e 7.5×10−6; f 1.0×10−5; g 2.0×10−5;
h 3.0×10−5; i 4.0×10−5; j 6.0×10−5; k 8.0×10−5; l 1.0×10−4;
m 1.25×10−4; and n 1.5×10−4 mol/l: lEx=340 nm. The inset shows
the plot of I0/(I−I0) vs [Eu3+]−1
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(III) ions. The Eu(III) and Sm(III) complexes exhibit
their strong characteristic fluorescence. And the mea-
surement of the phosphorescence spectrum indicates that
the triplet state energy level of the ligand matches better
to the resonance level of Eu(III) than Tb(III). In addition,
the fluorescence intensity of the Eu(III) complex in solid
state is weaker than that in solution. There are two
possible reasons: firstly, the change of the molar ratio
(Eu3+:L) leads to the change of the intramolecular transfer
efficiency from ligand to Eu(III) ion; secondly, the
solvents can take part in coordination and transfer energy
to the Eu(III) ion. Based on those studies, a series of new
aryl amide type ligands could be synthesized to optimize
the fluorescence properties of the europium(III).
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