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A series of 1,3,4-oxadiazole acetamide derivatives have been designed and synthesized, and their com-
plexes with Eu(III) and Tb(III) were also prepared. The luminescence properties of the target complexes
were investigated, and the results indicated that all target complexes showed the characteristic lumines-
cence of the central ions. The relative fluorescence intensities of the complexes with Eu(III) are higher
than that of the complexes with Tb(III). The fluorescence quantum yields of the target complexes were
calculated by the reference method, and the results showed that the complexes substituted by elec-
tron-donating group possess higher fluorescence quantum yields, compared with that of the complex
without substituent, while the complexes substituted by electron-withdrawing group possess lower fluo-
rescence quantum yields. The electrochemical properties of the target complexes were investigated by
cyclic voltammetry, the HOMO energy levels of the target complexes substituted by electron-donating
group are higher than that of the target complexes substituted by electron-withdrawing group.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Because of the unique properties, the complexes of rare-earth
elements with 1,3,4-oxadiazole and some of derivatives have
drawn great attention among scholars. Along with in-depth stud-
ies, their application value has also attracted great attention in
fluorescent materials, luminescent probes in bio-medical assays
and emitters in electroluminescent (EL) devices [1]. In recent years,
the design and synthesis of rare earth functional coordination com-
pounds has been one of the researching hot points in the coordina-
tion chemistry field [2,3]. The luminescence intensities of rare
earth complexes is relationship to the absorption efficiency of
ligands, which is dependent on the ligand molecule with expanded
p-conjugated system to shift the excitation band of its rare earth
complex to visible region. But if expanded p-conjugated system
is too small, it will not absorb ultraviolet-light, if is too big, it will
not sensitize the rare earth ion to emit characteristic emission
[4,5]. In this regard, much attention has been focused on the
selecting of ligands with different structure [6]. In general, the
architectures of such supramolecule net-works are built-up using
multidentate organic ligands containing O- and/or N-donors [7].
In this paper, we choose 1,3,4-oxadiazole acetamide derivatives
as chelating ligand, which has a rigid framework and can construct
stable supramolecule structures via CAH� � �O or CAH� � �N hydrogen
bonds and p–p stacks, their corresponding rare earth complexes
which possess good stability, fine luminescent monochromaticity
and strong fluorescence intensities [8,9]. Based on the above con-
siderations, four novel 1,3,4-oxadiazole acetamide derivatives
were designed and synthesized, and their corresponding Tb(III)
and Eu(III) complexes were also prepared. The relationship
between the structure of ligands and the fluorescence intensities
of their rare earth complexes would be studied, meanwhile, the
electrochemical properties and fluorescence quantum yields of
the target rare earth complexes were discussed in detail. The syn-
thesis route for the 1,3,4-oxadiazole acetamide derivatives (L1–4) is
shown in Scheme 1.

2. Experimental

2.1. Materials and methods

Tb2O3 (purity 99.99%) and Eu2O3 (purity 99.99%) were purchased from commer-
cial suppliers. Eu(NO3)3 (0.1 mol L�1) and Tb(NO3)3 (0.1 mol L�1) ethanol solution
was prepared according to the literature [10].
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1H NMR spectra was recorded in DMSO-d6/CDCl3 on Brucker spectrophotome-
ter (400 MHz) with TMS as an internal standard. Mass spectra were measured with
the MAT95XP Mass Spectrometer. IR spectra (400–4000 cm�1) were obtained in KBr
discs by a PERKIN–ELMER Spectrum One. UV spectra (190–450 nm) were recorded
by LabTech UV-2100 spectrophotometer, with DMSO as solvent and reference. Ele-
mental analysis of the complexes was carried out on a VarioEL 111 CHNS analyzer.
Melting points of all compounds were determined on an X-4 binocular microscope.
Thermal gravimetric analysis were carried out on a NETZSCH STA 409PC thermal
gravimetric analyzer. Cyclic voltammetry curve testing using three electrodes were
glassy electrode, a platinum electrode and a saturated calomel electrode, ferrocene
as external standard, nitrite solution was used as the supporting electrolyte and
dimethyl sulfoxide as the solvent, the test scanning speed was 100 mV s�1 and
the sensitivity was 1 mA. The fluorescence spectra were measured by using powder
samples on a Hitachi F-2700 Fluorescence Spectrophotometer at room temperature.

2.2. General procedure for synthesis of the intermediates

2.2.1. Synthesis of the compound A
The polyphosphate (15 mmol, 5.07 g) was added into a 150 mL three-neck flask

and maintained the temperature at 50 �C for some time, and then a solution of
hydrazine hydrate (80%, 6.5 mL) and salicylic acid (10 mmol, 1.38 g) was added
with stirring. The reaction mixture was heated to 130 �C and refluxed for 7 h with
stirring in the oil bath. After completion of the reaction, the resulting mixture was
poured into the 500 mL cold water and standed over night with stirring. Then fil-
tered and washed with water, evaporated to obtained the crude product, the com-
pound A was obtained by recrystallization from the absolute ethanol. Yield, 76%
[11].

2.2.2. Synthesis of the compound B1–4

As the synthesis methods of the compounds B1–4 were similar, only synthesis of
the 2-chloro-N-phenylacetamide compound B1 was described. A solution of aniline
(66 mmol, 6.14 g) in glacial acetic acid (50 mL) was added into a 100 mL single-neck
flask and then the acetyl chloride (74 mmol, 8.36 g) was gradually dropwise added
under stirring in the ice water bath. The resulting reaction mixture was stirred for
1 h at room temperature and then poured into 300 mL saturated sodium acetate
solution. Filtered off and washed several times with cold water. The compound
B1 was obtained by recrystallization from the mixture of ethanol and water (1:1)
and dried in vacuum for 12 h.

2-chloro-N-phenylacetamide (B1). White crystals, yield (81%). 1H NMR
(400 MHz, DMSO) d/ppm: 10.29 (s, 1H, NH), 7.77–7.47 (m, 2H, ArH), 7.40–7.22
(m, 2H, ArH), 7.18–6.95 (m, 1H, ArH), 4.25 (s, 2H, CH2); MS (EI) m/z (%): 172
(M + 3, 3), 171 (M + 2, 25), 169 (M, 80), 121 (3), 120 (40), 106 (7), 94 (10), 93
(100), 77 (22), 65 (28).

2-chloro-N-p-tolylacetamide (B2). White crystals, yield (75%). 1H NMR
(400 MHz, DMSO-d6) d/ppm: 10.21 (s, 1H, NH), 7.42–7.46 (m, 2H, ArH), 7.16–7.18
(m, 2H, ArH), 4.22 (s, 2H, CH2), 2.21 (s, 3H, CH3); MS (EI) m/z (%): 186 (M + 3, 3),
185 (M + 2, 25), 183 (M, 75), 148 (4), 134 (27), 107 (100), 106 (76), 91 (16), 77
(26), 51 (10).

2-chloro-N-(4-methoxyphenyl)acetamide (B3). White crystals, yield (87%). 1H
NMR (400 MHz, DMSO-d6) d/ppm: 1H NMR (400 MHz, DMSO) d/ppm: 10.43 (s, 1H,
NH), 7.67–7.57 (m, 2H, ArH), 7.46–7.34 (m, 2H, ArH), 4.26 (s, 2H, CH2); MS (EI) m/z
(%): 207 (M + 3, 5), 205 (M + 1, 33), 203 (M-1, 52), 156 (4), 154 (13), 129 (32), 127
(100), 126 (15), 111 (5), 99 (14), 77 (5), 63 (7).

2-chloro-N-(4-chlorophenyl)acetamide (B4). Yellow crystals, yield (85%). 1H
NMR (400 MHz, DMSO) d/ppm: 10.18 (s, 1H, NH), 7.54–7.48 (m, 2H, ArH), 6.95–
6.87 (m, 2H, ArH), 4.22 (s, 2H, CH2), 3.73 (s, 3H, CH3); MS (EI) m/z (%): 202
(M + 3, 3), 201 (M + 2, 32), 199 (M, 100), 124 (29), 123 (72), 108 (72), 95 (13), 80 (6).
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Scheme 1. The synthesis ro
2.3. General procedure for synthesis of the target compound (L1–4)

As the synthesis methods of compounds L1–4 were similar, the synthesis of the
target compound L1 was described as an example., the 2,20-(1,3,4-oxadiazole-2,5-
diyl)diphenol (2 mmol, 0.51 g) and anhydrous potassium carbonate (10 mmol,
1.38 g) were dissolved in a 100 mL single-necked flask with 50 mL DMF solution.
The resulting mixture was refluxed at 80 �C for 1 h, the 2-chloro-N-phenylacet-
amide compound B1 (7 mmol, 1.18 g) and a little of KI were added and continued
to reflux for 24 h. After completion of the reaction, the reaction mixture was cooled
to room temperature, and then gradually poured into distilled water (500 mL) and
stirred for 2 h. The resulting mixture was concentrated under reduced pressure and
washed several times with distilled water until the pH value reached 7. The result-
ing product was further purified by recrystallization from the mixture of ethanol
and chloroform (1:1), and dried in vacuum for 24 h. Thus the target compound L1

was obtained.
2,20-(2,20-(1,3,4-oxadiazole-2,5-diyl)bis(2,1-phenylene))bis(oxy)bis(N-phen-

ylacetamide) (L1). White powder, yield (84%). m.p. 265–266 �C; 1H NMR (400 MHz,
CDCl3) d/ppm: 10.55 (s, 2H, NH), 8.10 (dd, J = 7.8, J = 1.6 Hz, 2H, ArH), 7.73–7.68 (m,
4H, ArH), 7.65–7.59 (m, 2H, ArH), 7.26–7.22 (m, 2H, ArH), 7.13 (d, J = 8.2 Hz, 2H,
ArH), 7.06 (dd, J = 10.8 Hz, J = 5.1 Hz, 4H, ArH), 6.86 (t, J = 7.4 Hz, 2H, ArH), 4.85 (s,
4H, CH2); IR (KBr) v/cm�1: 3306, 3020, 1759, 1692, 1601, 1255, 1165, 866; MS
(EI) m/z (%): 522 (M + 2, 2), 520 (M, 4), 311 (100), 254 (78), 226 (18), 121 (47),
106 (24), 93 (51); Anal. Calcd. for C30H24N4O5: C, 69.22; H, 4.65; N, 10.76. Found:
C, 69.21; H, 4.55; N, 10.56.

2,20-(2,20-(1,3,4-oxadiazole-2,5-diyl)bis(2,1-phenylene))bis(oxy)bis(N-p-tol-
ylacetamide) (L2). Yellow crystals, yield (71%). m.p. 259–260 �C; 1H NMR (400 MHz,
CDCl3) d/ppm: 10.45 (s, 2H, NH), 8.10 (dd, J = 7.8 Hz, J = 1.6 Hz, 2H, ArH), 7.64–7.59
(m, 2H, ArH), 7.53 (d, J = 8.4 Hz, 4H, ArH), 7.23 (d, J = 7.8 Hz, 2H, ArH), 7.12 (d,
J = 8.3 Hz, 2H, ArH), 6.81 (d, J = 8.2 Hz, 4H, ArH), 4.82 (s, 4H, CH2), 2.12 (s, 6H,
CH3); IR (KBr) v/cm�1: 3325, 3132, 2151, 1680, 1600, 1268, 1166, 866; MS (EI) m/
z (%): 550 (M + 2, 8), 549 (M + 1, 37), 548 (M, 100), 442 (97), 443 (26), 415 (61),
268 (72), 121 (44); Anal. Calcd. for C32H28N4O5: C, 70.06; H, 5.14; N, 10.21. Found:
C, 70.04; H, 5.12; N, 10.11.

2,20-(2,20-(1,3,4-oxadiazole-2,5-diyl)bis(2,1-phenylene))bis(oxy)bis(N-(4-
methoxyphenyl)acetamide) (L3). White powder, yield (70%). m.p. 225–226 �C;
1H NMR (400 MHz, CDCl3) d/ppm: d 10.45 (s, 2H, NH), 8.13–8.08 (m, 2H, ArH),
7.64–7.56 (m, 6H, ArH), 7.24 (d, J = 7.6 Hz, 2H, ArH), 7.13 (d, J = 8.3 Hz, 2H,
ArH), 6.57 (d, J = 8.9 Hz, 4H, ArH), 4.83 (s, 4H, CH2), 3.66 (s, 6H, CH3O); IR
(KBr) v/cm�1: 3229, 3132, 1964, 1735, 1671, 1250, 1162, 964; MS (EI) m/z
(%): 582 (M + 2, 3), 581 (M + 1, 12), 580 (M, 31), 458 (27), 300 (29), 283 (46),
136 (47), 123 (100), 121 (72), 108 (59); Anal. Calcd. for C32H28N4O7: C, 66.20;
H, 4.86; N, 9.65; O 19.29. Found: C, 66.12; H, 4.62; N, 9.55.

2,20-(2,20-(1,3,4-oxadiazole-2,5-diyl)bis(2,1-phenylene))bis(oxy)bis(N-(4-
chlorophenyl)acetamide) (L4). Yellow crystals, yield (74%). m.p. 288–289 �C; 1H
NMR (400 MHz, CDCl3) d/ppm: 10.68 (s, 2H, NH), 8.14 (dd, J = 7.8 Hz, J = 1.5 Hz,
2H, ArH), 7.67–7.63 (m, 2H, ArH), 7.56 (d, J = 8.8 Hz, 4H, ArH), 7.28 (d, J = 7.5 Hz,
2H, ArH), 7.13 (d, J = 8.3 Hz, 2H, ArH), 6.99–6.95 (m, 4H, ArH), 4.85 (s, 4H, CH2);
IR (KBr) v/cm�1: 3223, 3040, 1879, 1691, 1604, 1267, 1164, 868; MS (EI) m/z (%):
592 (M + 4, 7), 591 (M + 3, 12), 590 (M + 2, 38), 589 (M + 1, 17), 588 (M, 56), 462
(97), 435 (86), 288 (60), 148 (57), 121 (100); Anal. Calcd. for C30H22N4O5Cl2: C,
61.13; H, 3.76; N, 9.51. Found: C, 61.10; H, 3.56; N, 9.42.
2.4. Synthesis of the target rare earth complexes

The synthesis methods of the target rare earth complexes were similar, the syn-
thesis of the europium complexes of compound L1 was described as an example. A
mixture of compound L1 (0.40 mmol), chloroform (40 mL) was added into a 100 mL
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Table 2
UV spectra data of the target complexes.

Complexes kmax (nm) Ligand kmax (nm)

Eu(NO3)3L1 � 2H2O 259, 317 L1 259, 315
Eu(NO3)3L2 � 2H2O 261, 318 L2 261, 317
Eu(NO3)3L3 � 2H2O 262, 318 L3 261, 317
Eu(NO3)3L4 � 2H2O 262, 317 L4 262, 316
Tb(NO3)3L1 � 2H2O 259,317 L1 259, 315
Tb(NO3)3L2 � 2H2O 260, 318 L2 261, 317
Tb(NO3)3L3 � 2H2O 263,316 L3 261, 317
Tb(NO3)3L4 � 2H2O 262, 317 L4 262, 316
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Fig. 1. UV spectra of the Tb(NO3)3L1 � 2H2O (a) and the ligand L1(b).
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Fig. 2. UV spectra of the Eu(NO3)3L2 � 2H2O (a) and the ligand L2(b).
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three-neck flask and refluxed at 60 �C for some time, and then 4 mL Eu(NO3)3

(0.1 mol L�1) ethanol solution was added. The pH value of the reaction mixture
was adjusted to 6.5 with sodium ethoxide, a large number of precipitate was
formed, and then laid aside at room temperature for 3 h. The product was washed
several times with chloroform, filtered and dried in vacuum for 12 h.

3. Results and discussion

3.1. Element analysis and solubility of the target complexes

The molar conductance data, element analysis data (C, H and N)
and total rare earth element contents of the target complexes are
shown in Table 1.

It is seen from Table 1 that the experimental data are in good
agreement with the theoretical values, which indicates that the
composition of the target complexes are RE(NO3)3L1–4 � 2H2O. The
molar conductivity values of the target complexes in acetone solu-
tion are in the range of 7–15 S cm2 mol�1, which reveals that the
target complexes are non-electrolytes [12], this result indicates
that there are three nitrate ligands participate into coordination.

The ligands L1–4 are very soluble in chloroform, DMF and DMSO,
and soluble in ethanol and acetone, but insoluble in water, cyclo-
hexane, benzene and so on. While the target complexes are soluble
in DMF and DMSO, but insoluble in ethanol, cyclohexane, benzene
and so on.

3.2. UV spectra analysis

The UV spectra of the ligands L1–4 and their corresponding tar-
get complexes were recorded in DMSO solution, and the data are
summarized in Table 2. Since the UV spectra of all ligands and their
target complexes are similar, the UV spectra of the ligands L1 and
L2 as well as their complexes Tb(NO3)3L1 � 2H2O and Eu(NO3)3L2 �
2H2O are selected for illustration and shown in Figs. 1 and 2,
respectively.

It is shown from Table 2 that all free ligands p ? p⁄ transitions
absorption band are in the range of 259–262 nm, n ? p⁄ transi-
tions absorption band in the range of 315–317 nm. The Fig. 1
shows two absorption peaks at 259 nm and 315 nm, which are
ascribed to the p–p⁄ and n–p⁄ transitions in the ligand L1, respec-
tively, while, the profile of absorption spectrum of the Tb(NO3)3L1 �
2H2O has changed comparing to the free ligand L1 [13], this result
shows that the L1 takes part in coordination with central ion. The
Fig. 2 shows that the UV absorption spectrum of the Eu(NO3)3L2 �
2H2O, it shows n ? p⁄ transitions absorption peak at 317 nm,
while the band for the ligand L2 is about 318 nm, this phenomenon
can be explained by the expansion p-conjugated system that
caused by the central ion coordination.

3.3. Infrared spectra analysis

The IR spectra data of all ligands and their corresponding rare
earth complexes are presented in the Table 3. IR spectra of all
Table 1
Element analysis and molar conductance data of the target complexes.

Complexes Found (calculated) (%) Km

C H N RE (S cm2 mol�1)

Eu(NO3)3L1 � 2H2O 40.15 (40.28) 3.17 (3.15) 10.68 (10.96) 17.02 (16.99) 8
Eu(NO3)3L2 � 2H2O 41.54 (41.66) 3.33 (3.50) 9.52 (10.63) 16.98 (16.47) 12
Eu(NO3)3L3 � 2H2O 39.99 (40.26) 3.57 (3.38) 10.04 (10.27) 15.87 (15.92) 14
Eu(NO3)3L4 � 2H2O 37.58 (37.40) 2.56 (2.72) 10.69 (10.18) 16.12 (15.77) 7
Tb(NO3)3L1 � 2H2O 39.77 (39.97) 3.19 (3.13) 11.20 (10.88) 17.58 (17.63) 15
Tb(NO3)3L2 � 2H2O 41.56 (41.35) 3.36 (3.47) 10.52 (10.55) 16.75 (17.10) 10
Tb(NO3)3L3 � 2H2O 39.99 (39.97) 3.47 (3.35) 10.08 (10.20) 16.36 (16.53) 8
Tb(NO3)3L4 � 2H2O 36.87 (37.13) 2.54 (2.70) 9.89 (10.10) 16.85 (16.38) 12



Table 3
Infrared spectra data of the ligands and their corresponding target complexes.

Compound tC@O tC@N tCAOAC tArAOAC tNO3
�

m1 m2 m3 m4 |m1–m4|

L1 1692 1601 1165 1255
Eu(NO3)3L1 � 2H2O 1632 1600 1167 1255 1498 1031 814 1345 153
Tb(NO3)3L1 � 2H2O 1691 1602 1167 1255 1486 1043 835 1349 137
L2 1680 1600 1166 1268
Eu(NO3)3L2 � 2H2O 1667 1600 1163 1265 1494 1026 811 1298 196
Tb(NO3)3L2 � 2H2O 1665 1603 1164 1265 1496 1041 835 1301 195
L3 1671 1605 1162 1250
Eu(NO3)3L3 � 2H2O 1656 1605 1161 1248 1494 1029 827 1300 194
Tb(NO3)3L3 � 2H2O 1655 1606 1163 1248 1498 1033 830 1301 197
L4 1691 1604 1163 1267
Eu(NO3)3L4 � 2H2O 1689 1604 1164 1267 1496 1038 820 1329 167
Tb(NO3)3L4 � 2H2O 1688 1603 1164 1267 1496 1038 834 1314 185
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target complexes show the similar features. It reveals that the
coordination types of the complexes are similar [14], the IR spectra
of ligand L1 as well as their corresponding complex Eu(NO3)3L1 �
2H2O is selected for illustration and shown in Fig. 3.

As shown in the Table 3 and Fig. 3, the band at 1692 cm�1 for
the free ligand L1 is assigned to the m(C@O) stretch, which shifts
to 1632 cm�1 for its complex Eu(NO3)3L1 � 2H2O, which confirms
that the oxygen atom of the amide group bonds to the rare earth
ions. In addition, the IR spectra of the ligand L1 shows the charac-
teristic absorption peaks of the C@N group at 1601 cm�1 and
ArAOAC group stretching modes at 1259 cm�1, while, those bands
are not obviously shifted in its corresponding complex
Eu(NO3)3L1 � 2H2O, which confirms that the nitrogen of C@N group
and oxygen of ArAOAC group hardly participate into coordination,
this phenomenon is ascribed to the sterically hindered occurring.
In the target complexes, the absorption bands of the coordinated
nitrates are observed at 1498 (mas) and 1345 (ms) cm�1, but there
is not characteristic absorption peak of free nitrates at
1385 cm�1, which is agreement with the result of the conductivity
experiments, this result clearly shows that the nitrate groups
participate in coordination with rare earth ions successfully. In
addition, the separation of the two highest frequency bands
|m1�m4| is approximately 153 cm�1, indicating that the coordinated
nitrate groups in the complexes are bidentate [15].

3.4. Thermal analysis

In order to investigate the thermal decomposition of the target
complexes, the thermal analysis was carried out. The eight target
complexes present similar thermal behaviors, in this paper, we
only give the TG and DSC curves of Eu(NO3)3L2 � 2H2O for illustra-
tion and shown in Fig. 4. The thermogravimetric analysis data was
summarized in Table 4.
4000 3500 3000 2500 2000 1500 1000 500

T/
%

wavenumber/cm-1
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b

Fig. 3. IR spectra of Eu(NO3)3L1 � 2H2O (a) and L1(b).
The Fig. 4 shows that the weight losses of the first step for them
is 3.35% between 70 and 200 �C, these values are well agreement
with the loss of two lattice water molecules depending on the tar-
get complexes, the calculated value is 3.90%. In addition, the TG
and DSC of complexes are without endothermic peak and weight-
lessness at 200–230 �C, which illustrates that the water do not par-
ticipate into coordination, because the coordination water of the
analogous complexes is usually released over 200 �C. And then,
there are two remarkable weight loss stages in the TG curve. The
one loss stage ranged from 250 to 450 �C was attributed to the
decomposition of the ligand L2, the experimental value (56.64%)
is coincided with the theoretical value (57.37%), meanthile, this
result is consistent with the exothermic peak at 443 �C in the
DSC curve. The another loss stage of the complex appeared within
450–650 �C is due to the weight loss of three nitrate radical
(weight loss, 18.92%. Calcd., 19.17%), and accompanied by a very
strong exothermic peak in the DSC curve at 553 �C [16]. The target
complex Eu(NO3)3L2 � 2H2O is decomposed completely at
approaching 650 �C, and the remained solid composition is Eu2O3
Fig. 4. TG–DSC curves of Eu(NO3)3L2 � 2H2O.

Table 4
Thermal analysis data for target complexes.

Complexes Endothermic
peak (�C)

Exothermic
peak (�C)

Metal residue
(%)

Eu(NO3)3L1 � 2H2O 287 345, 486,618 25.68 (19.74)
Eu(NO3)3L2 � 2H2O 256 301, 443, 553 20.63 (20.18)
Eu(NO3)3L3 � 2H2O 235 386, 415,565 20.14 (18.48)
Eu(NO3)3L4 � 2H2O 242 326,438 ,578 18.53 (18.33)
Tb(NO3)3L1 � 2H2O 306 342,433, 619, 26.12 (20.72)
Tb(NO3)3L2 � 2H2O 214 324,417, 560 20.78 (20.16)
Tb(NO3)3L3 � 2H2O 261 382,425,596 18.32 (19.43)
Tb(NO3)3L4 � 2H2O 291 338,478,580 28.64 (27.25)
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Fig. 5. Excitation spectra of Eu(NO3)3L2 � 2H2O.
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Fig. 6. Emission spectra of Eu(NO3)3L2 � 2H2O.
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and its quality percentage is 28.64%, which is identical to the cal-
culated value 27.25%. The thermal analysis results show that the
target complexes have relatively high thermal stability, and are
consistent with the results of other analysis results.

3.5. Fluorescence properties analysis

The fluorescence properties of the target complexes were deter-
mined on the solid state at room temperature, and their data are
summarized in Table 5. The observed fluorescence spectra of all
target complexes are similar, so the fluorescence spectra of
Eu(NO3)3L2 � 2H2O and Tb(NO3)3L2 � 2H2O are selected for illustra-
tion, and the excitation and emission spectra of Eu(NO3)3L2 � 2H2O
are shown in Figs. 5 and 6, the excitation and emission spectra of
Tb(NO3)3L2 � 2H2O are shown in Figs. 7 and 8, respectively.

As shown in the Fig. 5, the excitation spectrum of Eu(NO3)3L2 �
2H2O, which was measured under 614 nm emission wavelength,
possesses a broad excitation band with the strongest excitation
peak at 397 nm. Meanwhile, the Fig. 6 shows that the emission
spectra for Eu(NO3)3L2 � 2H2O are composed of the characteristic
emission peaks of Eu (III) arising from 5D0 ?

7F1 (594 nm),
5D0 ?

7F2 (620 nm), respectively. It is noted that the intensity ratio
of 5D0 ?

7F2 (electric dipole transition) and 5D0 ?
7F1 (magnetic

dipole transition) is 3.14, which indicates that the Eu(III) ion lies
in the asymmetry center [17]. Additionally, there is a narrow and
sharp emission peak appearing at approximate 620 nm, and the
target europium complexes show the intensely red fluorescence,
which indicates that the target complexes have good monochro-
maticity and the ligands are a comparatively good organic chelator
for the absorbtion and transfer of energy to the center ion. The
Table 5 showed that the excitation spectra of four Tb(III) com-
plexes were obtained by monitoring their emissions at 548 nm,
the maximum peaks was at 331, 354, 364, and 354 nm, respec-
tively. The emission spectra of the Tb(NO3)3L2 � 2H2O was obtained
under the excitation spectrum at 354 nm, the major emission
peaks showed at 491, 547, 587, and 624 nm, which are assigned
Table 5
Fluorescence spectra data of the target complexes.

Compound Slit(nm) kex (nm) kem (nm) RFI Assignment

L1 2.5 317 364 396.5
Eu(NO3)3L1 � 2H2O 2.5 395 594 224.2 5D0—7F1

619 485.6 5D0—7F2

Tb(NO3)3L1 � 2H2O 2.5 331 491 426.5 5D4 ?
7F6

546 198.5 5D4 ?
7F5

585 98.5 5D4 ?
7F4

625 37.9 5D4 ?
7F3

L2 2.5 317 366 9998
Eu(NO3)3L2 � 2H2O 2.5 397 594 383.6 5D0—7F1

620 1307 5D0—7F2

Tb(NO3)3L2 � 2H2O 2.5 354 491 552.2 5D4 ?
7F6

547 818.8 5D4 ?
7F5

587 143.2 5D4 ?
7F4

624 64.56 5D4 ?
7F3

L3 2.5 317 377 562.9
Eu(NO3)3L3 � 2H2O 2.5 395 594 605.2 5D0—7F1

619 1236.6 5D0—7F2

Tb(NO3)3L3 � 2H2O 2.5 364 491 368.4 5D4 ?
7F6

546 998.4 5D4 ?
7F5

585 26.2 5D4 ?
7F4

622 79.1 5D4 ?
7F3

L4 2.5 317 376 201
Eu(NO3)3L4 � 2H2O 2.5 396 594 123.6 5D0—7F1

619 386.4 5D0—7F2

Tb(NO3)3L4 � 2H2O 2.5 354 491 264.6 5D4 ?
7F6

545 89.4 5D4 ?
7F5

587 37.2 5D4 ?
7F4

625 32.9 5D4 ?
7F3
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Fig. 7. Excitation spectra of Tb(NO3)3L2 � 2H2O.
to the characteristic emission 5D4 ?
7FJ (J = 6, 5, 4, 3) transitions

of Tb3+ ion, respectively. This process could be described as fol-
lows: the 1,3,4-oxadiazole acetamide ligands were excited to the
excited singlet state (S1) by photon absorption in the UV region,
and relaxed to the triplet state (T1) via intersystem crossing. Then,
the energy was nonradiatively transferred from the triplet state of
the ligands to a resonance state of the coordinated Tb3+ ion. Finally,
the Tb3+ ion emitted characteristic fluorescence in the visible
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Fig. 8. Emission spectra of Tb(NO3)3L2 � 2H2O.

388 W. Zhang et al. / Journal of Alloys and Compounds 620 (2015) 383–389
region by a multi-photon relaxation from the exited state to
ground state of Tb3+ ion [18].

The Table 5 shows that the fluorescence intensities of com-
plexes RE(NO3)3L2 � 2H2O were stronger than that of the complexes
RE(NO3)3L1 � 2H2O, this was because the ligands L2 had an donative
electron group (ACH3) which strengthen the molecular rigidity and
enlarged the p-conjugated systems of the ligand L2, so that made
p ? p⁄ transition much easier [19]. While the fluorescence intensi-
ties of complexes RE(NO3)3L4 � 2H2O were worse than that of the
complexes RE(NO3)3L1 � 2H2O, this phenomenon was ascribed to
the ligand L4 owning the electron-withdrawing group (ACl) that
caused the electron density of the phenyl ring decreasing. The
above results showed that the electron-withdrawing groups on
the ligands can decrease the fluorescence intensities of their corre-
sponding rare earth complexes, the reasons are that the n–p⁄ tran-
sition of the accepting electron substituent belongs to forbidden
transition, the excited state molecules are seldom obtained, and
the S1–T1 crossing intersystem occupies the dominant position
[20]. On the contrary, the electron-donating groups on the ligands
are resulted in increasing of the fluorescence intensities of the tar-
get complexes, which is owing to the electron-donating groups can
induce electronic rearrangement of the target complexes that it
can improve the energy level matchment between the ligands
and the central rare earth ions, so that the ligands can absorb light
energy and transfer it to rare earth ions efficiently. The above
results further highlight that the nature of substituents has a great
effect upon the fluorescence intensities of the target complexes.

Based on the theory of antenna effect [21]. the fluorescence
intensities of the target complexes is related to the efficiency of
the intramolecular energy transfer between the triple level of the
ligands and the vibrational level of the rare earth ions, which
depends on the energy gap between the two levels. It is shown
in Table 5 that the fluorescence intensities of Eu(NO3)3L1–4 � 2H2O
are stronger than that of the Tb(NO3)3L1–4 � 2H2O, which illustrates
Table 6
Fluorescence quantum yields data of the target complexes.

Complexes Absorption wavelength k/nm Fluorescence intensity

Eu(NO3)3L1 � 2H2O 302 1616
Eu(NO3)3L2 � 2H2O 337 595.9
Eu(NO3)3L3 � 2H2O 334 232
Eu(NO3)3L4 � 2H2O 308 1290
Tb(NO3)3L1 � 2H2O 297 2548
Tb(NO3)3L2 � 2H2O 300 815.3
Tb(NO3)3L3 � 2H2O 286 269.6
Tb(NO3)3L4 � 2H2O 335 425
that the triple level of ligands matching with the vibrational level
of Eu3+ are better than that of the Tb3+.
3.6. Fluorescence quantum yields analysis

The fluorescence quantum yields (Ufx) are calculated by com-
parative method [22] using the following equation.

Ufx ¼
n2

x

n2
std

� Fx

Fstd
� Astd

Ax
�Ufstd

The fluorescence quantum yields (Ufx) of the target complexes
were determined using the sulfuric acid solution (0.1 mol L�1) of
quinine sulfate (1.0 lg mL�1) with a known quantum yield
(Ufstd = 0.55) as standard reference at room temperature. where
nx (1.48) and nstd (1.34) are the refractive indices of solvents used
for the sample and standard. Fx and Fstd are the areas under the
fluorescence curves of the sample and the used standard. Ax and
Astd are the absorbances of the sample and standard at the excita-
tion wavelength, respectively. The fluorescence quantum yields
data of all target complexes are summarized in Table 6.

As shown in the Table 6, the fluorescence quantum yields of the
complexes RE(NO3)3L2 � 2H2O are higher than that of the com-
plexes RE(NO3)3L1 � 2H2O, which is ascribed to the ligands L2 have
an donating electron group (ACH3) that enlarged the p-conjugated
system of the ligands L2. While the fluorescence quantum yields of
the complexes RE(NO3)3L4 � 2H2O is lower than that of the
RE(NO3)3L1 � 2H2O, which is attributed to the chlorine atom caused
the electron density of the phenyl ring decreasing and resulted in
fluorescence quenching. In addition, the RE(NO3)3L3 � 2H2O exhib-
ited the lowest quantum yield than that of other target complexes,
this is because the energy difference between the triplet state
energy level of the ligand L3 and the lowest excited state level of
RE(III) is too small, the energy can back transfer from the rare earth
ions to the triplet state energy of the ligands and resulted in the
fluorescence quantum yields decreasing. The above results reveal
that the 4-position substituted group of benzene ring have a signif-
icant effect on the fluorescence quantum yields of the target
complexes.
3.7. Electrochemical properties analysis

The electrochemical properties of the target complexes were
investigated by means of cyclic voltammetric technique in DMSO
solution. The highest occupied molecular orbital (HOMO) and low-
est unoccupied molecular orbital (LUMO) energy levels of the tar-
get complexes are estimated according to the electrochemical
performance and UV absorption spectra [23]. The HOMO and
LUMO data for target complexes are obtained by using equation.
EHOMO = �(4.74 eV + EOX), ELOMO = Eg + EHUMO, Eg = 1240/konset(eV)
[24] (konset is the largest UV absorption spectra peak starting
value), and their electrochemical data are summarized in Table 7.
Because the cyclic voltammograms of all the target complexes are
I/a.u. Fluorescence integral area F Fluorescence quantum yield (U)

92,518 0.515
108,935 0.552
56,104 0.370
77,017 0.402
84,375 0.517
70,807 0.593
57,484 0.311
65,191 0.485



Table 7
Electrochemical data for target complexes.

Complexes konset (nm) Eg (eV) Eox (v) EHOMO (eV) ELUMO (eV)

Eu(NO3)3L1 � 2H2O 259 4.787 0.530 �5.270 �0.483
Eu(NO3)3L2 � 2H2O 261 4.751 0.512 �5.252 �0.501
Eu(NO3)3L3 � 2H2O 262 4.733 0.524 �5.264 �0.531
Eu(NO3)3L4 � 2H2O 262 4.733 0.543 �5.283 �0.550
Tb(NO3)3L1 � 2H2O 259 4.787 0.546 �5.286 �0.499
Tb(NO3)3L2 � 2H2O 260 4.769 0.536 �5.276 �0.507
Tb(NO3)3L3 � 2H2O 263 4.715 0.524 �5.264 �0.549
Tb(NO3)3L4 � 2H2O 262 4.733 0.576 �5.316 �0.583
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Fig. 9. Cyclic voltammogram of complex Eu(NO3)3L1 � 2H2O.
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similar, the cyclic voltammogram of the complex Eu(NO3)3L1 � 2H2O
is selected for illustration and shown in the Fig. 9.

It is seen from the Table 7 that all complexes’ oxidation poten-
tial occur in the potential range +0.512 to +0.576 V. The energy
gap (Eg) of all the target complexes is between 4.715 eV and
4.787 eV. Compared with the one of complexes RE(NO3)3L1 �
2H2O, the HOMO energy levels of complexes RE(NO3)3L2–3 � 2H2O
are higher, on the contrary, that of the complexes RE(NO3)3L4 �
2H2O are lower, these phenomena are ascribed to the target com-
plexes with different substituent in the relevant ligands. The
results reveal that introduction of donative elecrton group in
the ligand can increase the HOMO energy levels of their corre-
sponding complexes, while, introduction of electrophilic group
in the ligand can decrease the HOMO energy levels of their corre-
sponding rare earth complexes. Meanwhile, we can observed that
the LUMO energy levels of the target complexes are increased in
the order of RE(NO3)3L4 � 2H2O < RE(NO3)3L3 � 2H2O < RE(NO3)3L2 �
2H2O < . RE(NO3)3L1 � 2H2O.

4. Conclusion

With salicylic acid and hydrazine hydrate as starting material, a
series of target 2,5-bis[20-(substituted phenyl-carbamoyl-meth-
oxy)-phenyl]-l,3,4-oxadiazole were obtained via the reaction of
2,5-Di(o-hydroxyphenyl)-1,3,4-oxadiazole and 2-chloro-N-acetyl-
substituted aniline. Their complexes with Eu(III) and Tb(III) were
also prepared successfully, and determined by the means of elemen-
tal analysis, EDTA titrimetric, molar conductance, UV and FT-IR
spectrum as well as thermal performance studies. The luminescence
properties of the target complexes were investigated by lumines-
cent spectra, and the results indicate that all complexes show the
characteristic luminescence of central ion and the central ions lie
in the asymmetry center. The relative fluorescence intensity of the
complex with the methyl substituted is the highest than that of
other target complexes. The electrochemical properties of the com-
plexes were investigated by cyclic voltammetry, the HOMO energy
levels of target complexes substituted by electron-donating group
are higher than that of the complexes substituted by electron-with-
drawing group. In addition, the thermal analysis provided informa-
tion about the high thermal stability for the target complexes. In
summary, the above results show that the target complexes will
be used as the promising candidate luminescent materials.
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