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Abstract—Two new zinc(II) complexes with the formulas of [Zn(HTma)(Bpe)] (I) and [Zn1.5(Stp)
(Bpe)(H2O)2] (II), where H3Tma = 1,2,4-trimellitic acid, Bpe = 1,2-bis(4-pyridyl)ethane, NaH2Stp =
monosodium 2-sulfoterephthalate, have been prepared under hydrothermal conditions. Structural syntheses
show complex I is a five-fold interpenetrated three-dimensional structure based on the diamond-like net-
works, however, complex II is a Bpe-pillared three-dimensional framework (CIF files CCDC nos. 1404475
(I) and 140447 (II)). Thermоgravimetric analyses show that complex I possesses high thermal stability up to
325°C and the dehydrated product of complex II also begins to decompose from 357°C. The luminescent
properties of the two complexes are investigated in solid state.
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INTRODUCTION
Extensive researches about the design and con-

struction of metal-organic frameworks (MOFs) have
been reported in recent years [1–3]. These researches
result in an extensive class of crystalline materials with
charming structural features, such as multi-fold inter-
penetration, helix or entanglement, polynuclear
metallic cluster and so on [4–7]. Furthermore, the
MOFs also exhibit high stability, tunable porosity,
luminescence, magnetic, catalysis [8, 9]. As one
important class of MOFs materials, the Zn-MOFs
have been widely investigated in the past two decade
years for the more foreseeable coordination polyhe-
dron of zinc ion compared with other metal MOFs
[10–12]. The famous MOF-5 was an exceptionally
stable and highly porous Zn-MOFs material reported
in [13]. And great deals of organic ligands are used in
the construction of Zn-MOFs, especially the multi-
carboxylic acids for the versatile coordination fashions
of the carboxyl group [14–16]. Terephthalate
ligand possesses two carboxyl groups in 1- and 4-site
of phenyl ring and is apt to form the bridging coordi-
nated with metal ions as a straight linker, for example
MOF-5. If the 2-site H atom is substituted by other
functional groups, for instance carboxyl, sulfonate,
hydroxyl, nitro-groups or halogen, the coordination
modes of the organic ligand will be different and the

structural features of Zn-MOFs will be changed. So
we try to prepare new Zn-MOFs based on 1,2,4-
trimellitic acid (H3Tma) and 2-sulfoterephthalate
ligand (H2Stp–) with 1,2-bis(4-pyridyl)ethane (Bpe).
Fortunately, we obtained two new Zn-Bpe frame-
works with HTma2–and Stp3– ligands. The two com-
plexes display the different three-dimensional struc-
tures as described in this paper and their thermal sta-
bilities and luminescent properties in solid state are
studied. The coordination fashion of HTma2– (a) and
Stp3– (b) ligands in I and II are below:

EXPERIMENTAL
Materials and measurements. All chemicals were

commercially available and used as received without1 The article is published in the original.
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further purification. Elemental analyses (CHN)
were performed using an Vario EL elemental analyzer.
FT-IR spectra were recorded from KBr pellets in
the range of 4000–400 cm–1 on a Nicolet Avatar 360
FT-IR spectrometer. Thermogravimetric (TG) curves
were measured on a Mettler (USA) at a heating rate of
10°C/min from room temperature to 900°C in nitro-
gen atmosphere. Fluorescence measurements were
carried out with a SHIMADZU RT5301PC spectro-
fluorophotometer.

Synthesis of [Zn(HTma)(Bpe)] (I). A mixture of
Zn(OAc)2 (0.013 g, 0.05 mmol), H3Tma (0.016 g,
0.05 mmol) and Bpe (0.012 g, 0.05 mmol) was added
to a 3 mL aqueous solution. The mixture was stirred
for 5 min and was placed in a 23 mL Teflon-lined
stainless steel autoclave and heated at 160°C for 72 h.
The autoclave was cooled over a period of 16 h in air.
The colorless stick-like crystals of I were collected by
filtration, washed with ethanol, and dried in air (the
yield was 58% based on Zn).

IR (ν, cm–1): 3447 m, 1734 s, 1618 s, 1375 s, 1238 m,
1151 m, 1154 m, 1070 m, 1037 m, 841 m, 774 m, 648 m.

Synthesis of [Zn1.5(Stp)(Bpe)(H2O)2] (II). A mix-
ture of Zn(OAc)2 (0.013 g, 0.05 mmol), NaH2Stp
(0.026 g, 0.1 mmol) and Bpe (0.018 g, 0.1 mmol) was

For C21H16N2O6Zn

anal. calcd., %: C, 55.10;  H, 3.52; N, 6.12.
Found, %: C, 54.99; H, 3.15;  N, 6.04.

added to a 3 mL aqueous solution. The mixture was
stirred for 5 min and was placed in a 23 mL Teflon-
lined stainless steel autoclave and heated at 140°C for
72 h. The autoclave was cooled over a period of 16 h in
air. The colorless lath-like crystals of II were collected
by filtration, washed with ethanol, and dried in air (the
yield was 43% based on Zn).

IR (ν, cm–1): 3439 w, 1615 v.s, 1575 s, 1354 s,
1160 m, 1067 m, 1022 m, 830 w, 774 w, 624 w.

X-ray structure determination. X-ray single-crystal
diffraction data of I and II were collected on a Bruker
SMART APEX CCD diffractometer with graphite
monochromatic MoKα radiation (λ = 0.71073 Å).
Absorption corrections were applied by using the
multi-scan program SADABS [17]. The structures
were solved using direct methods and refined with a
full-matrix least-squares technique with the
SHELXTL program package [18, 19]. Metal atoms in
each complex were located from the E-maps and other
non-hydrogen atoms were located in successive differ-
ence Fourier syntheses and refined with anisotropic
thermal parameters on F2. The hydrogen atoms were
generated geometrically. Data collection and struc-
tural refinement parameters of the two complexes are
given in Table 1 and selected bond distances are given
in Table 2.

Supplementary material for structures has been
deposited with the Cambridge Crystallographic Data
Centre (CCDC nos. 1404475 (I) and 140447 (II);
deposit@ccdc.cam.ac.uk or http://www.
ccdc.cam.ac.uk).

RESULTS AND DISCUSSION
Single-crystal X-ray diffraction analysis of I reveals

a five-fold interpenetrated diamond-like three-
dimensional structure in which the asymmetric unit
consists of one Zn2+ ion, one HTma2– anion and one
Bpe molecule. As shown in Fig. 1, the Zn2+ ion lies in
a four-coordinated tetrahedral environment with two
oxygen atoms (O(2) and O(4)) from two Tma3– anions
and two nitrogen atoms (N(1) and N(2)) from two
Bpe ligands. The Zn–O bond lengths are 1.994(3) and
1.979(3) Å, and Zn–N bond lengths are 2.026(4) and
2.054(4) Å. The O/N–Zn–O/N angles are in the
range of 101.83(16)°–120.92(15)°.

Two adjacent Zn2+ ions are linked by Bpe ligands
into a bigger left-handed helical chain along z axis as
shown in Fig. 2. Around the chain, there are four
smaller left-handed helical chains based on the
HTma2– ligands in μ2-η1:η1 mode coordinated to two
adjacent Zn2+ ions (Scheme, a). Each bigger helix is

For C20H19N2O9SZn1.5

anal. calcd., %: C, 42.78; H, 3.41; N, 4.99.
Found, %: C, 42.39; H, 3.22; N, 4.67.

Fig. 1. The coordination environment of Zn2+ ion in I.
The hydrogen atoms are omitted for clarity.
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surrounded by four smaller helixes with the knots of
Zn2+ ions, so as each smaller helix. According to the
arrangement, a network is formed from all left-handed
helical chains (Fig. 3). The network possesses a big
vacuum which is convenient for storing the lattice or
template molecules or forming the interpenetrated
structures. In I, five such networks are interpenetrated
each other into five-fold interpenetrated structures as
shown in Fig. 4.

In complex II, there are two crystallographically
independent Zn2+ ions in six-coordinated octahedral
geometry. As shown in Fig. 5a, Zn(1) ion is coordi-
nated to three carboxyl O atoms (O(1), O(3A) and
O(4A)) from two Stp ligands, one N atoms (N(1))
from one Bpe ligand, and two O atoms (O(8) and
O(9)) from two water molecules. While for Zn(2) ion,
there are four O atoms (O(2), O(2B), O(5) and O(5B))
from the carboxyl and sulfonate groups of two Stp
ligands, two N atoms (N(2C) and N(2D)) from two
Bpe ligands, and no water molecules participating in
coordinating (Fig. 5b). The Zn–O bond lengths range
from 2.003(1) to 2.184(2) Å, and Zn–N bond length
are from 2.067(2) to 2.114(2) Å. The O/N–Zn–O/N
angles are in the range of 81.36(6)°–180.0(9)°.

The Stp3– ligand adopts a η1:η1:η1:η1:η1:μ3 fashion
(Scheme, b) joining three Zn2+ ions into two-dimen-
sional network shown in Fig. 6. As a based unit of the
network, the six-number-ring consists of four Stp3–

ligands and six Zn2+ ions. In the network, each Zn2+

ion is two-connected node linking two Stp3– ligands
and each Stp3– ligand is three-connected linking three

Table 2. Selected bond lengths (Å) for I and II*

* Symmetry codes for II: #1 –1 + x, –0.5 – y, –0.5 + z; #2 2 – x,
–0.5 + y, 0.5 – z.

Bond d, Å Bond d, Å

I
Zn(1)–N(1) 2.054(4) Zn(1)–O(2) 1.944(3)
Zn(1)–N(2) 2.026(4) Zn(1)–O(4) 1.979(3)

II
Zn(1)–N(1) 2.0667(7) Zn(1)–O(9) 2.1836(15)

Zn(1)–O(4)#1 2.0026(13) Zn(2)–O(2) 2.1008(13)

Zn(1)–O(8) 2.0562(15) Zn(2)–N(2)#2 2.1135(15)

Zn(1)–O(1) 2.1060(13) Zn(2)–O(5) 2.1658(12)

Table 1. Crystal data and structure refinements for I and II

Parameter
Value

I II

Fw 457.73 561.49
T, K 296(2) 293(2)
Crystal system Tetragonal Monoclinic
Space group P43 P21/c

a, Å 8.9064(10) 9.2310(15)
b, Å 8.9064(10) 18.5410(3)
c, Å 26.267(6) 15.1348(18)
β, deg 90 122.187

V, Å 3 2.0836(6) 2.1922(6)

Z 4 4

ρcalcd, g cm–3 1.459 1.701

μ, mm–1 1.218 1.806

Limiting indices hkl –11 ≤ h ≤ 11 –11 ≤ h ≤ 10
–7 ≤ k ≤ 11 –22 ≤ k ≤ 19
–34 ≤ l ≤ 34 –18 ≤ l ≤ 18

Reflections collected/unique 12969/4906 11315/4069
Rint 0.0644 0.0135
Refinement parameter 272 316
GOOF 1.015 1.064
R1 (I > 2σ(I)) 0.0578 0.0216
wR2 (all data) 0.0879 0.0590

Largest diff. peak/hole, e Å–3 0.367/–0.303 0.350/–0.330
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Fig. 2. The diamond-like network in I.

Fig. 3. THE left-handed helical chains existing in complex I.
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Fig. 4. The five-fold interpenetrated structures in I.

Fig. 5. The coordination environment of Zn(1) (a) and Zn(2) (b) ions in II. The hydrogen atoms are omitted for clarity. Symmetry
codes: (A) –1 + x, –0.5 – y, –0.5 + z; (B) 2 – x, –y, 1 – z; (C) 2 – x, –0.5 + y, 0.5 – z; (D) x, 0.5 – y, 0.5 + z. 
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Zn2+ ions. One Bpe ligand links two Zn2+ ions (Zn(1)
and Zn(2)) from two networks as pillared units into
three-dimensional framework (Fig. 7).

Two three-dimensional Zn-Bpe frameworks with
H3Tma/H3Stp ligands were prepared under hydro-
thermal condition. The two carboxylic acids are simi-
lar except for 2-site substituting group, however, com-
plexes I and II exhibit completely different structural
features as described above. At first, the coordination
environments of Zn2+ ions are different: the Zn2+ ion
in complex I is four-coordinated tetrahedral geome-
try, but for complex II, two zinc ions lie in five- and
six-coordinated environments. Secondly, the coordi-
nation modes of two carboxylic acids (H3Tma/H3Stp)
are different. 1,2,4-Trimellitic acid adopts a η1:η1:μ2
fashion in complex I linking two zinc ions and 2-site
carboxyl group is not deprotonated. While 2-sulfotere-
phthalate ligand acts as a multidentate linker in a
η1:η1:η1:η1:η1:μ3 mode joining three zinc ions and 2-
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site sulfonate group is deprotonated. Finally, the
three-dimensional frameworks are distinct. Complex I
a five-fold interpenetrated three-dimensional struc-
ture based on the diamond-like networks, however,
complex II is a Bpe-pillared three-dimensional
framework.

Thermogravimetric (TG) analyses were performed
on I and II in nitrogen atmosphere from 30 to 900°C.
For complex I, its TG curve shows one step of weight
loss from 325 to 576°C, which means the skeleton col-
lapse of the framework beginning from 325°C and the
complex possesses higher thermal stability. For II, the
thermal decomposition procedure can be divided into
three steps: the first one from 112 to 163°C with the

loss weight ratio is 2.72%, which could be corre-
sponded to the loss of one water molecule (calcd.
3.21%); the second weight loss is 2.84% from 170 to
206°C due to the other water molecule leaving (calcd.
3.21%); the final step begins from 357 to 890°C with
the residue ratio is 21.37%, which can be attributed to
the decomposition of 3D framework into ZnO (calcd.
21.75% based on 1.5 ZnO). The high thermal ability of
complex I can be ascribed to its diamond-like struc-
ture without lattice and coordinated water molecules,
and the dehydrated product of complex II also pos-
sesses high thermal ability up to 357°C, which is
accorded with the results of structural analyses.

Fig. 6. The 2D network based on Zn2+ ions and Stp3– ligands.

xz

y

Fig. 7. The Bpe-pillared three-dimensional framework based 2D networks.
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The f luorescence spectra of complexes I and II
were determined in solid state at room temperature.
The emission spectra of these complexes are different.
Complex I exhibits one broad band with the maximum
emission peaks centered at 440 nm (λex = 335 nm),
which can be ascribed to the intraligand π–π* emis-
sion of Bpe ligand (459 nm) and there are no emission
peak for the free H3Tma ligand in solid state. However,
for complex II, there are two emission peaks at 457
and 493 nm (λex = 387 nm), which is attributed to the
intraligand π–π* emission of the two ligands: Stp3–

and Bpe, based on the comparison of the location and
profile of the emission bands of Na3Stp (421 nm) and
Bpe (459 nm) [20, 21].
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