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Abstract—A dinuclear Tb complex, Tb2(H2L)3(phen)2 (1), and two similar N-donor coordination complexes, 
Fe(phen)3·HL (2), Fe(bipy)3·HL·5H2O (3) (Na2H2L = 4,5-dihydroxy-1,3-benzenedisulfonic acid disodium salt, 
phen = 1,10-phenanthroline and bipy = 2,2ʹ-bipyridine), have been synthesized and characterized by single crys-
tal X-ray diffraction and elemental analyses. Complex 1 features a phenoxo-O bridged Tb dinuclear structure, in 
which the dinuclear Tb3+ ions reside in distorted double-capped triangular prism and dodecahedral coordination 
environments, respectively. Introduction of phen and bipy moieties contributes to formation of low dimensional 
dinuclear structure. Complexes 2 and 3 feature similar N-donor mononuclear structures, where HL3– anions remain 
uncoordinated with protonated phenol groups, respectively. Complex 1 exhibits the characteristic emission peaks 
of Tb3+ ion, and the luminescent properties of complexes 2 and 3 can be attributed to the intraligand transitions. 
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INTRODUCTION

Recently, dinuclear and multinuclear coordination 
complexes received close attention because of their 
remarkable properties in catalysis, adsorption, molecular 
sieving, fl uorescence, and single-molecule magnets [1–6]. 
Polyfunctional ligands are usually empolyed to generate 
dinuclear and multinuclear coordination complexes 
with various architectures in the bridging modes [7–9]. 
To date, a broad number of dinuclear and multinuclear 
discrete complexes based on bridging ligands have 
reported in [10–12]. Rational design and assembly still 
remain a challenge in constructing novel topologies of 
dinuclear complexes, targeting the structure–properties 
correlations [13–15]. Dinuclear structures depend on the 
geometries and functional groups of the organic ligands. A 
signifi cant effort has been directed towards modifi cation 
of organic ligands by different functional groups, such as 
carboxylate, phenol and sulfonate, and controlling self-
assembly of the desired structures [16–18]. To our best 
knowledge, phenol oxygen atoms of organic ligands can 
effi ciently bridge metal ions building stable dinuclear 
structures making it easy for the ligands containing the 

phenol groups to form dinuclear complexes with intricate 
structures.

Herein, we report the syntheses, characterization 
and properties of one dinuclear coordination complex 
with brdiging H2L2– ligands, Tb2(H2L)3(phen)2, and two 
similar N-donor coordination complexes, Fe(phen)3·HL 
and Fe(bipy)3·HL·5H2O. The TG and fluorescence 
properties of complexes 1–3 have been studied.

RESULTS AND DISCUSSION

Crystal structure of Tb2(H2L)3(phen)2 (1). The 
complex 1 is characterized by dinuclear structure, and it 
crystallizes in the triclinic space group P-1 (Table 1). The 
asymmetric unit contains two Tb ions, three H2L2– ligands 

SO3Na

OH
SO3NaHO

Scheme 1. Structure of the Na2H2L ligand.
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and two phen moieties (Fig. 1a). Crystallographically, 
there are two Tb sites with different coordination 
environments. The Tb1 ion is eight-coordinated with four 
phenol oxygen atoms originated from three H2L2– ligands, 
two sulfonate oxygen atoms from two H2L2– ligands as 
well as two nitrogen atoms of the bidentate chelating 
phen molecule, while Tb2 ion is eight-coordinate with 
fi ve phenol oxygen atoms from three H2L2– ligands, one 
sulfonate oxygen atom as well as the bidentate chelating 
phen molecule. The Tb1 and Tb2 atoms reside in distorted 
double-capped triangular prism and dodecahedral 
coordination environments, respectively (Fig. 1b). The 
Tb–O distances are between 2.289(6)–2.432(6) Å, 
and the Tb–N distances are in the range of 2.506(8)–
2.556(6) Å (Table 2), that are comparable with those 

reported for Tb complexes earlier [19, 20]. The Tb1···Tb2 
distance over three phenol oxygen atoms is 3.561 Å. 
The Tb1–O–Tb2 bond angles are 99.6(2)°, 96.4(2)°, and 
97.9(2)° (Table 2). These values are comparable to those 
reported for Tb complexes [19, 20].

Three unique H2L2– ligands in complex 1 adopt one 
type of coordination mode (Fig. 2). Three H2L2– ligands 
bridge with two Tb ions via their phenol oxygen and 
sulfonate oxygen atoms. One phenol group monodentately 
coordinates with one Tb ion and the other bridges with 
two Tb ions. All phenol oxygen atoms of H2L2– ligands 
are 1H-protonated as required for the charge balance. 
One sulfonate group coordinates with one Tb ion, acting 
as a monodentate coordination type, whereas the other 
sulfonate remains non-coordinated and deprotonated. 

Table 1. Crystallographic data and structure refi nement for complexes 1–3

Parameter
Value

1 2 3
Chemical formula C42H28N4O24S6Tb2  C42H28N6O8S2Fe C36H38N6O13S2Fe
Mr 1482.88 864.67 882.69
Crystal system Triclinic Triclinic Monoclinic
Space group P-1 P-1 P21/n
T, K 296 296 298
a, Å 15.0652(6) 12.879(4) 16.0911(13)
b, Å 20.7059(10) 13.382(4) 13.3631(12)
c, Å 22.1154(9) 14.835(4) 17.9089(15)
α, deg 87.446(1) 104.747(4) 90
β, deg 85.003(1) 100.530(4) 93.231(1)
γ, deg 70.202(1) 107.743(4) 90
V, Å3 6465.4(5) 2258.8(11) 3844.8(6)
Z 2 2 4
Radiation type MoKα MoKα MoKα
μ, mm–1 1.22 0.48 0.58
Crystal size, mm 0.27 × 0.25 × 0.22 0.27 × 0.25 × 0.22 0.49 × 0.40 × 0.14
Number of refl ections [I > 2σ(I)] 

measured 46922 11991 19163
independent 22619 7910 6756
observed 14384 5285 4118

Rint 0.043 0.028 0.073
(sin θ/λ)max, Å–1 0.595 0.595 0.595
R[F2 > 2σ(F2)] 0.069 0.076 0.052
wR(F2) 0.254 0.167 0.117
S 1.11 1.06 1.07
Number of refl ections 22619 7910 6756
Number of parameters 691 546 533
Number of restraints 372 84 0
Δρmax, Δρmin, e/Å3 1.46, –1.29 1.76, –0.88 0.62, –0.37
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As presented in other references [21], hydrothermal 
reactions tend to give the 3D coordination polymers with 
diverse topological structures. When various auxiliary 
chelating ligands, such as phen and bipy, were used, 
various types of low dimensional assemblies including 
mononuclear or dinuclear complexes were formed [22]. 
The π–π interconnections of two phen moieties between 
adjacent dinuclear molecules lead to formation of a one-
dimensional structure (Fig. 3).

Crystal structures of Fe(phen)3·HL (2) and 
Fe(bipy)3·HL·5H2O (3). The structures of complexes 2 
and 3 are similar, but the ligands containing N-donors. 
Therefore, the structure of complex 2 is discussed as a 
sample. Single crystal X-ray diffraction of complex 2 
indicates that it crystallizes in the triclinic space group 
P-1 (Table 1). The asymmetric unit consists of one Fe 
ion, one HL3– anion and three phen species (Fig. 1c). 
The Fe1 is six-coordinate and demonstrates an octahedral 

coordination configuration (Fig. 1d) with the axial 
positions occupied by two nitrogen atoms (N2 and N3) 
and the equatorial positions occupied by four nitrogen 
atoms (N1, N4, N5, and N6). The Fe–N distances range 
from 1.966(4) to 1.983(4) Å for complex 2, while the 
N–Fe–N angles are between 82.65(16)° and 174.16(17)° 
(Table 2), that are consistent with those determined for the 
comparable structures [23, 24]. Anion HL3– uncoordinates 

Fig. 1. (a, c) Molecular strutures of complexes 1 and 2 showing the atomic numbering scheme. All H atoms have been omitted for 
clarity, (b) the coordination confi gurations of Tb1 and Tb2 ions, and (d) Fe1 ion.
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Fig. 2. The coordination mode of H2L2– ligand.
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Table 2. Selected bond lengths and bond angles determined for complexes 1–3
1

Bond d, Å Bond d, Å Bond d, Å
N2–Tb1 2.539(3) O7–Tb2 2.374(6) O1–Tb1 2.374(5)
N1–Tb1 2.506(8) O9–Tb2 2.342(5) O4–Tb1 2.329(5)
N3–Tb2 2.556(6) O9–Tb1 2.379(5) O4–Tb2 2.335(5)
N4–Tb2 2.523(7) O10–Tb1 2.345(6) O5–Tb2 2.289(6)
O11–Tb1 2.367(6) O14–Tb1 2.386(6) O14–Tb2 2.391(6)
O15–Tb2 2.432(6)

Angle φ, deg Angle φ, deg Angle φ, deg
O4Tb1O10 135.46(19) O5Tb2O4 68.5(2) O4Tb2N3 137.1(2)
O4Tb1O11 119.2(2) O5Tb2O9 97.8(2) O9Tb2N3 151.3(2)
O10Tb1O11 85.1(2) O4Tb2O9 70.26(19) O7Tb2N3 78.1(2)
O4Tb1O1 72.30(18) O5Tb2O7 82.4(2) O14Tb2N3 122.5(2)
O10Tb1O1 151.68(19) O4Tb2O7 130.2(2) O15Tb2N3 81.2(2)
O11Tb1O1 83.2(2) O9Tb2O7 75.08(19) N4Tb2N3 65.0(2)
O4Tb1O9 69.72(19) O5Tb2O14 135.0(2) O10Tb1N2 78.73(18)
O10Tb1O9 67.42(19) O4Tb2O14 66.8(2) O11Tb1N2 80.20(18)
O11Tb1O9 135.7(2) O9Tb2O14 71.12(19) O1Tb1N2 73.90(17)
O1Tb1O9 135.71(19) O7Tb2O14 131.8(2) O9Tb1N2 124.09(17)
O4Tb1O14 67.0(2) O5Tb2O15 158.2(2) O14Tb1N2 152.13(18)
O10Tb1O14 87.7(2) O4Tb2O15 131.0(2) N1Tb1N2 64.19(19)
O11Tb1O14 74.4(2) O9Tb2O15 83.0(2) O7Tb2N4 142.0(2)
O1Tb1O14 113.65(19) O7Tb2O15 76.8(2) O14Tb2N4 79.1(2)
O9Tb1O14 70.58(19) O14Tb2O15 65.96(19) O15Tb2N4 105.0(2)
O4Tb1N1 84.0(2) O5Tb2N4 87.6(2) O5Tb2N3 88.4(2)
O10Tb1N1 98.2(2) O4Tb2N4 77.9(2) O14Tb1N1 142.7(2)
O11Tb1N1 142.6(2) O9Tb2N4 142.8(2) O4Tb1N2 137.96(18)
O1Tb1N1 76.4(2) O9Tb1N1 77.8(2)

2
Bond d, Å Bond d, Å Bond d, Å

Fe1–N6 1.966(4) Fe1–N1 1.970(4) Fe1–N2 1.983(4)
Fe1–N4 1.970(4) Fe1–N5 1.976(4) Fe1–N3 1.978(4)

Angle φ, deg Angle φ, deg Angle φ, deg
N6Fe1N4 173.19(18) N4Fe1N5 91.73(17) N1Fe1N2 82.65(16)
N6Fe1N1 94.45(17) N1Fe1N5 174.16(17) N5Fe1N2 92.22(16)
N4Fe1N1 91.23(17) N6Fe1N2 92.38(17) N6Fe1N3 92.69(16)
N6Fe1N5 82.94(17) N4Fe1N2 92.06(17) N4Fe1N3 83.21(17)
N2Fe1N3 173.90(17) N5Fe1N3 91.77(16) N1Fe1N3 93.57(16)

3
Bond d, Å Bond d, Å Bond d, Å

Fe1–N3 1.964(3) Fe1–N5 1.976(3) Fe1–N2 1.974(3)
Fe1–N6 1.968(3) Fe1–N4 1.979(3) Fe1–N1 1.982(3)

Angle φ, deg Angle φ, deg Angle φ, deg
N3Fe1N6 172.94(11) N2Fe1N4 94.81(11) N2Fe1N5 173.70(11)
N3Fe1N2 89.74(11) N5Fe1N4 90.60(11) N3Fe1N4 81.79(12)
N6Fe1N2 94.67(12) N3Fe1N1 95.12(12) N6Fe1N4 92.34(11)
N3Fe1N5 94.24(12) N6Fe1N1 90.96(11) N5Fe1N1 93.00(12)
N6Fe1N5 81.85(12) N2Fe1N1 81.77(12) N4Fe1N1 175.43(11)
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with Fe ion, leaving one phenol group 1H-protonated for 
balancing charges.

Thermogravimetric analyses. TGA was performed 
by heating from 25 to 800°C with the rate of 10°C·min–1 
under the atmosphere of nitrogen (Fig. 4). For complex 1, 
the fi rst weight loss of 5.65% in the range of 25 to 111°C 
was attributed to the loss of fi ve water molecules (calcd 
6.07%). The weight remained constant up to 263°C at 
which the second weight loss of 24.9% between 263 and 
498°C was attributed to the loss of two phen molecules 
(calcd 24.3%). The skeleton gradually disintegrated 
between 498 and 624°C. The residue remained stable 

up to 800°C and consisted of metal sulfate and metal 
oxide. For complexes 2 and 3, the initial weight losses 
of 4.11% and 9.88% were consistent with those of the 
calculated values (4.16 and 10.20%), corresponding to the 
loss of two and fi ve water molecules in the temperature 
ranges of 25–279 and 25–185°C, respectively. In the 
temperature ranges of 279–367 and 185–337°C the 
weight losses of 30.57 and 30.86% could take place due 
to complete decomposition of HL3– anion (calcd 30.92 
and 30.27%), respectively. The third weight loss steps 
indicated decomposition of the phen and bipy molecules 
in the temperature ranges of 367–800 and 337–800°C, 

Fig. 3. One-dimensional chain structure composed by the π–π stacting interactions between phen molecules in complex 1.

Fig. 4. TGA curves of complexes 1–3.
Fig. 5. Solid-state emission spectra of complexes 1–3 and free 
Na2H2L ligand at room temperature.
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respectively. The residues were the mixtures of metal 
sulfates and metal oxides, respectively [25].

Luminescence properties. Emission spectra of the 
complexes 1–3 and free Na2H2L at room temperature in 
the solid state were recorded (Fig. 5). For the complex 1, 
the dominant peak at 545 nm was hypersensitive, giving 
green luminescence output, which corresponded to the 
5D4→7F5 transition. Six weak emission peaks at 490, 583, 
618, 647, 674, and 705 nm originated from 5D4→7F6, 
5D4→7F4, 5D4→7F3, 5D4→7F2, 5D4→7F1, and 5D4→7F0 
transitions, respectively [26]. No emission bands from 
the ligands were observed, indicating that the ligands 
effi ciently transferred the excitation energy to the Tb ions. 
Emissions observed for complex 1 indicated that it might 
be potentially applicable as a material for diode devices 
[27]. Free Na2H2L exhibited the maximum fl uorescent 
emission at 440 nm upon excitation at 315 nm, which was 
attributable to the intraligand π–π* and n–π* transitions 
[28]. Complex 2 exhibited photoluminescent emission 
with the maximum at 422 nm upon excitation at 315 nm. 
In the case of complex 3, a similar photoluminescence 
with the maximum emission at 430 nm upon excitation 
at 315 nm was recorded. Peak profi les recorded for 
complexes 2 and 3 were similar with that of free 
Na2H2L ligand. In addition, those were slightly shifted 
toward lower wavelengths in comparison with those of 
free Na2H2L ligand indicating that the emission bands 
of complexes 2 and 3 originated from the intraligand 
transitions.

EXPERIMENTAL

All chemicals and solvents used in the experiments 
were of analytical grade, purchased from Sinopharm 
Chemical Reagent Co., Ltd, and used without further 
purifi cation. Elemental analyses were carried out after 
removing water molecules from the samples by heating 
on an Elementar Vario EL analyzer. Thermogravimentric 
analyses were carried out on a 1100SF thermal analyzer 
at the heating rate of 10°C/min under the atmosphere of 
nitrogen. Photoluminescence analyses were performed on 
a Perkin Elemer LS55 fl uorescence spectrometer. 

X-Ray single crystal data were collected for the 
complexes 1–3 on a Bruker Smart Apex II CCD 
diffractometer equipped with graphite monochromated 
MoKα radiation (λ = 0.71073 Å) at 296 and 298 K, 
respectively. After absorption correction, the structures 
were solved by the direct method and refined by a 
full-matrix least squares method on F2 using SHELXT 

2014 and SHELXL 2018 programs [29, 30]. Hydrogen 
atoms were generated geometrically and treated by a 
mixture of independent and constrained refi nements. The 
crystallographic data1 are summarized in Table 1, and the 
selected bond lengths and angles are presented in Table 2. 

Synthesis of Tb2(H2L)3(phen)2 (1). A mixture 
of Tb(NO3)3·6H2O(0.045 g, 0.1 mmol) with Na2H2L 
(0.031 g, 0.1 mmol), phen (0.018 g, 0.1 mmol) and 
deionized water (20 mL) was placed in a Tefl on-lined 
stainless steel autoclave (25 mL) and stirred at room 
temperature for 1 h. Then the mixture was heated at 120°C 
for 36 h, followed by cooling down to room temperature. 
Yellow blocked crystals were collected by fi ltration. 
Yield 55% (based on Na2H2L). Calculated, %: C 34.02, 
H 1.69, N 3.78. C42H25N4O24S6Tb2. Found, %: C 34.17, 
H 1.92, N 3.82. 

Synthesis of Fe(phen)3·HL (2). A mixture of 
Fe(NO3)3 (0.024 g, 0.1 mmol) with Na2H2L (0.031 g, 
0.1 mmol) and phen (0.018 g, 0.1 mmol) in 20 mL of 
distilled water was stirred at room temperature for 1 h 
and then stored for 3 days till red blocked crystals were 
formed. Yield 60% (based on phen). Found, %: C 58.45, 
H 3.41, N 9.77. C42H28N6O8S2Fe. Calculated, %: C 58.33, 
H 3.24, N 9.72. 

Synthesis of Fe(bipy)3·HL·5H2O (3). Complex 
3 was synthesized by the method similar to that of 
complex 2. The bipy was used instead of phen. Yield 
60% (based on phen). Found, %: C 33.75, H 1.97, N 
9.62. C36H38N6O13S2Fe. Calculated, %: C 48.98, H 4.31, 
N 9.52. 

CONCLUSIONS

In summary, we have reported the syntheses, crystal 
structures and characterization of three new complexes, 
namely Tb2(H2Tiron)3(phen)2, Fe(phen)3·HL, and 
Fe(bipy)3·HL·5H2O. The N2H2L is a multifunctional 
bridging ligand that can bind to two Tb ions to form a 
dinuclear complex 1. One-dimensional supramolecular 
structure derives from the π–π stacking interactions 
of the phen ligands in complex 1. Complexes 2 and 
3 have similar N-donor mononuclear structures with 
1  Crystallographic data were deposited with the Cambridge 

Crystallographic Data Centre (CCDC 2043211, 2043209, 
2043210), and can be obtained free of charge via http://www.
ccdc.cam.ac.uk/conts/ retrieving. html or from the Cambridge 
Crystallographic Data Centre, 12 Union Road, Cambridge 
CB2 1EZ, UK; fax:(+44-1223-336-033; or e-mail: deposit@
ccdc.cam.ac.uk).
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uncoordinated HL3– anions balancing charges. Their low 
dimensional structural features depend on the mediation 
of auxiliary ligands such as phen and bipy. Furthermore, 
complex 1 shows characteristic emission peaks of Tb3+ 
ions corresponding to 5D4→7F5, 5D4→7F6, 5D4→7F4, 
5D4→7F3, 5D4→7F2, 5D4→7F1, and 5D4→7F0 transitions. 
Complexes 2 and 3 exhibit the emission bands originated 
from the intraligand transitions.
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