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ABSTRACT: Three porous supramolecular isomers (IZE-1,
IZE-2, and IZE-3) with the same framework component
[Zn2(EBTC)(H2O)2] (EBTC = 1,1′-ethynebenzene-3,3′,5,5′-
tetracarboxylate) were successfully constructed by finely tuning
the reaction condition. Although both IZE-1 and IZE-2 are
constructed from the linear EBTC subunits and one kind of
regular [Zn2(CO2)4] paddlewheels, their frameworks exhibit two
different (3,4)-c net of fof (sqc1575) and sqc1572, respectively,
resulting in cavities with different size and shape. However, as
for isomer IZE-3, the EBTC ligands are bent and one-half of the
[Zn2(CO2)4] paddlewheels are distorted, leading to a novel (3,4,4)-c hyx net with point symbol (6.7

2)4(6
2.82.102)(72.82.112) and

vertex symbol (6.7.7)4(72.72.8.8.12.12)(6.6.8.8.102.102). Quantum chemical calculations by DFT indicate that the three isomers
have very close thermodynamic stabilities, which may explain that subtle condition change leads to variation of the frameworks.
Further theoretical semiempirical investigation on the interactions between solvent molecules and compounds shows different
hydrogen binding patterns in good agreement with the experimental observations. Furthermore, they exhibit good solid-state
luminescence properties with long lifetime.

■ INTRODUCTION
Very recently, porous metal−organic frameworks (MOFs)
became of higher interest in modern materials science since
they may offer great promise in applications such as gas storage,
separations, catalysis, sensors, electronics, and drug delivery.1 In
particular, MOFs possess flexible and tunable pores, making
themselves exceed other porous compounds.1b,c However,
structural uncertainty and diversity are the main intrinsic
problems for crystallization and construction during self-
assembly,2 since the porous network formation is sensitive to
many aspects, such as the ligand structure,3 the coordination
geometry preferred by the metal,4 the method of crystal-
lization,5 reaction temperature,6 the solvent system,7 pH
value,6b,8 and the metal-to-ligand ratio,9 etc. Meanwhile,
supramolecular isomerism was occasionally reported during
the construction of MOFs starting from the same reactants,10,11

and now it is attracting more and more interest since it affords a
good opportunity for developing novel materials and makes a
better understanding of the structure−property relationships of
coordination polymers.2 However, considering the wide
occurrence of structural and compositional uncertainty and
diversity during self-assembly, rational realization of a supra-

molecular isomerism system, even the simplest one, would be
extremely difficult up to date.2

Nowadays, paddlewheel-based porous MOFs with M2(CO2)4
(M = Cu, Zn) inorganic secondary building units (SBUs) have
been widely constructed by organic linkers with multiple
carboxylate groups including dicarboxylate,12 tricarboxyla-
te,10i,13 tetracarboxylate,12d,14 hexacarboxylate,15 and so on.
Recently, in our and some other groups, tetracarboxylate ligand
EBTC (EBTC = 1,1′-ethynebenzene-3,3′,5,5′-tetracarboxylate,
Scheme 1) has been designed to construct dicopper
paddlewheel porous MOFs with nbo-type topology, exhibiting
excellent adsorption properties.10m,16 However, while con-
structing dizinc paddlewheel porous MOFs based on it, some
interesting results were found. Three framework isomers11b of
dizinc paddlewheel porous MOFs originated from differences
in orientation or conformation were obtained, which were
sensitive to the synthetic conditions. Herein we report the
controllable isomerization of such three porous frameworks
formed under different synthetic conditions.
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■ EXPERIMENTAL SECTION
Materials and General Methods. N,N-Dimethylformamide

(DMF) and dimethylsulfoxide (DMSO) were dried and distilled
according to standard procedures. All other starting materials and
solvents were obtained from commercial sources and used without
further purification. 1,1′-Ethynebenzene-3,3′,5,5′-tetracarboxylic acid
(H4EBTC) was prepared according to the previously published
methods.17 Elemental analyses (C, H, and N) were carried out on a
Perkin-Elmer 240 analyzer. The IR spectra were obtained on a
VECTOR TM 22 spectrometer with KBr pellets in the 4000−400
cm−1 region. TGA-DTA diagrams were recorded by a CA Instruments
DTA-TGA 2960 type simultaneous analyzer heating from 293 to 1073
K in nitrogen atmosphere at a rate of 20 K/min. Powder X-ray
diffraction (PXRD) data were recorded on a Shimadzu XRD-6000
diffractometer with Cu Kα. (λ = 1.540 56 Å) radiation at room
temperature with a scan speed of 5°/min and a step size of 0.02 in 2θ.
Luminescence spectra for the solid samples were recorded with a
Hitachi 850 fluorescence spectrophotometer. The photoluminescence
lifetime was measured with an Edinburgh Instruments FLS920P
fluorescence spectrometer. Software TOPOS 4.018a was used to
compute the topological description.
Synthesis of the Compounds. Synthesis of [Zn2(EBTC)-

(H2O)2]·5.5H2O·2.5DMF (IZE-1). The reactants of H4EBTC (5.0 mg,
0.014 mmol) and Zn(NO3)2·6H2O (15.0 mg, 0.05 mmol) were
ultrasonically dissolved in anhydrous DMF (0.4 mL) in an 8 mL glass
vial, then HNO3 (0.060 mL, 1.0 M in DMF) was added, and the
mixture was sealed and heated to 85 °C for 10 h. After cooling to
room temperature, colorless block-shaped crystals were grown and
isolated by filtration (8.4 mg, 79.2% based on H4EBTC). Anal. (%)
Calcd for IZE-1: C 39.20, H 4.39, N 3.81. Found: C 38.79, H 4.49, N
3.82. IR (KBr pellet, cm−1): 3424−2919 (br, m), 1629 (vs), 1579 (vs),
1430 (vs), 1380 (vs), 1105 (w), 1020 (m), 952 (w), 777 (s), 723 (m),
543 (w).
Synthesis of [Zn2(EBTC)(H2O)2]·10.5H2O·0.5DMF·0.5DMSO (IZE-

2). The reactants of H4EBTC (5.0 mg, 0.014 mmol), Zn-
(NO3)2·6H2O (15.0 mg, 0.05 mmol), and 5-aminoisophthalic acid
(AIP) (2.5 mg, 0.014 mmol) were ultrasonically dissolved in a freshly
distilled solvent of DMF (0.2 mL) and DMSO (0.2 mL) in an 8 mL
glass vial. After the mixture was sealed and heated at 85 °C for 10 h,
colorless cuboid-shaped crystals were achieved (10.2 mg, 92.5% based
on H4EBTC). Anal. (%) Calcd for IZE-2: C 31.49, H 4.83, N 0.90.
Found: C 31.88, H 4.42, N 1.02. IR (KBr pellet, cm−1): 3357−2917
(br, m), 1631 (vs), 1585 (vs), 1376 (vs), 1103 (w), 1020 (s), 952 (m),
906 (w), 777 (s), 727 (m), 673 (m), 620 (w), 511 (w).
Synthesis of [Zn2(EBTC)(H2O)2]·1.5H2O·2DMF (IZE-3). In a similar

way, add 1,3-bi-4-pyridylpropane (BPP) (2.7 mg, 0.014 mmol) to the
mixture composed of the same amount of the ligand, the zinc salt, the
solvent, and the nitric acid as for the preparation of IZE-1, and after
the same reaction time at 85 °C, colorless wedge-shaped isomer IZE-3
was formed (8.5 mg, 87.6% based on H4EBTC). Anal. (%) Calcd for
IZE-3: C 41.76, H 3.94, N 4.06. Found: C 42.47, H 3.52, N 3.82. IR
(KBr pellet, cm−1): 3411−3073 (br, m), 2929 (m), 1656 (vs), 1622
(vs),1569 (s), 1431 (vs), 1228 (w), 1099 (m), 916 (w), 777 (s), 723
(s), 685 (w), 534 (w).
X-ray Crystallography. X-ray crystallographic intensity data were

measured on a Bruker Smart Apex II CCD diffractometer at room
temperature using graphite monochromated Mo Kα radiation (λ =
0.710 73 Å). Data reduction was made with the Bruker Saint program.
The structures were solved by direct methods and subsequent
difference Fourier syntheses, and refined using the SHELXTL software
package. The H atoms on the ligands were placed in idealized

positions and refined using a riding model. The H atoms of the
coordinated H2O molecules could not be located, but are included in
the formula. The unit cell includes a large region of disordered solvent
molecules, which could not be modeled as discrete atomic sites. We
employed PLATON/SQUEEZE18b,c to calculate the diffraction
contribution of the solvent molecules and, thereby, to produce a set
of solvent-free diffraction intensities. Crystal data and structure
refinement information for the three complexes are listed in Table

1. The main bond lengths and angles are summarized in Tables S1, S2,
and S3 (Supporting Information), respectively. Crystallographic data
of them have been deposited with the CCDC as deposition Nos.
763157−763159. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

■ RESULTS AND DISCUSSION
Syntheses and Crystal Structures. Using a rectangular

and relatively rigid tetracarboxylate EBTC as ligand, and
Zn(NO3)2·6H2O as metallic salt, three porous isomers of
[Zn2(EBTC)(H2O)2]n with different frameworks were pre-
pared under different synthetic medium by solvothermal
reactions (Figure 1, Figure S1). By single-crystal X-ray
diffraction studies, elemental analysis, and thermal gravimetric
analysis, IZE-1, IZE-2, and IZE-3 were formulated as
[Zn2(EBTC)(H2O)2]·5.5H2O·2.5DMF, [Zn2(EBTC)-
(H2O)2]·10.5H2O·0.5DMF·0.5DMSO, and [Zn2(EBTC)-
(H2O)2]·1.5H2O·2DMF, respectively. It is evident that the
reaction medium has a great effect on isomerism since all other
reaction conditions are the same, such as the concentration and
stoichiometric ratio of the reactants, reaction temperature and
time, and the method of crystallization, etc. As a result, even a
minor change in a synthesis condition would lead the eventual
compound to a quite different structure since the three isomers
have similar relative stabilities, which will be discussed in detail
below.

Scheme 1. Illustration for the Molecular Structure of
H4EBTC

Table 1. Crystal Data and Structure Refinement Information
for IZE-1, IZE-2, and IZE-3

complex IZE-1 IZE-2 IZE-3

empirical formula C9H3O5Zn C9H3O5Zn C9H3O5Zn
fw 256.50 256.50 256.50
T (K) 293 293 291
wavelength (Å) 0.710 73 0.710 73 0.710 73
cryst syst trigonal trigonal tetragonal
space group R3̅m R3̅m P4(2)/nnm
a (Å) 19.0504(8) 23.8339(9) 17.2089(12)
b (Å) 19.0504(8) 23.8339(9) 17.2089(12)
c (Å) 32.392(3) 20.2720(17) 28.523(4)
α (deg) 90 90 90
β (deg) 90 90 90
γ (deg) 120 120 90
V (Å3) 10 180.8(10) 9972.8(10) 8446.9(15)
Z 18 18 16
Dcalcd (g cm3)a 0.753 0.769 0.813
μ (mm−1) 1.083 1.106 1.161
F(000) 2322 2322 2064
θ range (deg) 2.14−28.21 2.80−25.35 1.67−26.00
GOF on F2 1.096 1.016 0.982
R1, wR2 (I > 2σ(I)) 0.0595, 0.1823 0.0966, 0.2670 0.0492, 0.1292
R1, wR2 (all data) 0.0750, 0.2013 0.1193, 0.2827 0.0653, 0.1340
aThe values are calculated without guest molecules.
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X-ray crystallographic analysis reveals that the three
complexes are porous isomeric coordination polymers with
the same skeleton component [Zn2(EBTC)(H2O)2], in which
dizinc paddlewheel SBUs with different motifs are generated.
Their structural differences can be clearly discerned from their
packing views along the c-axes as shown in Figure 1.
Single crystal X-ray crystallographic studies indicates that

both IZE-1 and IZE-2 crystallize in the R3 ̅m space group with
one-half zinc atom, one-fourth EBTC ligand, and one-half
water molecule for the framework in the asymmetric unit. In
IZE-1, besides a coordinated terminal water molecule in the
axial position, each Zn atom coordinates to four carboxylate
oxygen atoms from four different EBTC ligands to form one
kind of regular [Zn2(CO2)4] paddlewheels which are shown in
Figure S2a. The Zn−O−O−Zn torsion angle is 2.302°. The
ethynylene bond of the coordinated EBTC ligand almost keeps
its linearity (the C5D−C5−C4 angle is 179.8(8)°, symmetry
code: D = 2/3 + x − y, 4/3 − y, 7/3 − z) with a bond length of
1.147(10) Å, the two phenyl rings in it are coplanar by
symmetry, and the coordinated carboxylate groups are almost
coplanar with the phenyls by a small dihedral angle of 4.313°.
Likewise, each EBTC ligand is linked to four dizinc
paddlewheels via the bridging carboxylate groups. In this kind
of 3D framework formed by the interconnected zinc
paddlewheels and EBTC ligands, there exists one-dimensional
pore along the c axis, where its pore window is constructed
from three phenyls and three [Zn2(CO2)4] paddlewheels from
the same end of EBTC ligand, and the lower paddlewheels
directly lie beneath the upper phenyls layer by layer (Figure
S2b and Figure 1). Moreover, along the a and b axis, there also
exists a one-dimensional cavity with its pore window
constructed from two EBTC ligands, one phenyl group, and

three inorganic paddlewheel SBUs (Figure S2c,d). For insight
into its framework, it consists of two different types of open
cages which are alternately stacked with each other (Figure 2a):

the small cage is about 7.4 Å in diameter encapsulated by 6
paddlewheel Zn2(CO2)4 clusters and 12 EBTC ligands, and the
large elliptical cavity is about 17.0 × 10.6 Å2 surrounded by 12
Zn2(CO2)4 inorganic SBUs and 6 EBTC organic SBUs (the van
der Waals radii of the atoms at opposite sites of the cage have
been subtracted). IZE-1 possesses very large solvent accessible
pore volume which reaches 69.2% of the unit cell volume as
calculated by PLATON/SOLV18b due to the elongated EBTC
ligand.
Just like MOF-505, [Cu2(EBTC)(H2O)2], and some other

complexes,9−13 two kinds of SBUs are contributed to the
construction of IZE-1. When considering both the dinuclear
Zn2(CO2)4 SBU and the EBTC ligand as planar 4-c nodes,
IZE-1 would adopt the cubic 4-c nbo net. However, this initial
description often generates confusion. A better description
could be obtained by the following: the Zn2(CO2)4
paddlewheel can be served as planar 4-c node which is defined
by the carboxylate carbon atoms, and the organic EBTC linker
can be considered as two 3-c nodes centered between two
phenyl rings (Figure S2e), leading to two different (3,4)-c
nets.10m,19a,b In this view, IZE-1 is observed as (3,4)-c fof net19c

(alternative name sqc1575),19a,b,d with point symbol of
(6.82)2(6

2.82.102) and vertex symbol of (6.82.82)-
(6.6.82.82.102.102) (Figure S2f).19e

The case of isomer IZE-2 is similar to that of IZE-1. In
isomer IZE-2, the main skeleton of EBTC ligand also does not
distort upon assembly with zinc ions, in which the ethynylene
bond length is 1.145 (4) Å, the C6D−C6−C3 angle containing
the ethynylene group is 179.994(1)° (symmetry code: D = 1/3
− x, 4/3 − y, 2/3 − z), and the dihedral angle of the two phenyl
rings in EBTC is zero. The carboxylate groups of EBTC ligand
coordinate to Zn2+ to form a kind of relative regular Zn2(CO2)4
paddlewheels with the Zn−O−O−Zn torsion angle of 3.099°
(Figure S3a), a little larger than that in IZE-1. The dihedral
angle of the coordinated oxygens with the adjacent phenyl is
about 9.86°, which is also a little larger than that in IZE-1. As
illustrated in Figure 1, IZE-2 also has one-dimensional pore
along the c axis, where its pore window is formed by three
EBTC ligands and three Zn2(CO2)4 paddlewheels from the

Figure 1. Reaction scheme and drawings of crystal structures of
coordination isomeric assemblies IZE-1 (left), IZE-2 (right), and IZE-
3 (upper) seen from the c direction (AIP = 5-aminoisophthalic acid;
BPP = 1,3-bi-4-pyridylpropane). All the H atoms and the coordinated
O atoms of water have been omitted for clarity. Color scheme: Zn,
green; O, red; C, gray.

Figure 2. (a) X-ray single crystal structure of IZE-1 showing two types
of cages: small one of about 7.4 Å in diameter (blue sphere) and large
elliptical one of about 17.0 × 10.6 Å (pink sphere). (b) X-ray single
crystal structure of IZE-2 showing two types of cages: small one of
about 7.4 Å in diameter (blue sphere) and large irregular elongated
one of about 15.2 × 11.6 Å2 (pink sphere). The presented dimension
data have subtracted the van der Waals radii of the atoms at opposite
sites of the cage. Color scheme: Zn, green; O, red; C, gray. Hydrogen
atoms and guest molecules are omitted for clarity.
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opposite ends of the tetracarboxylate ligand, during which the
upper ligands and the lower paddlewheels are arranged layer by
layer (Figure S3b and Figure 1). Furthermore, there also exists
one-dimensional pore along the a and b axis, with its pore
window constructing from one EBTC ligand, two phenyl
groups, and three Zn2(CO2)4 SBUs (Figure S3c,d). Further
investigation indicates that two different types of open cages are
alternately presented in its framework (Figure 2b). The small
cage is encircled by 6 paddlewheel Zn2(CO2)4 clusters and 12
EBTC ligands with 7.4 Å in diameter, and the large irregular
elongated cage is surrounded by 12 inorganic SBUs and 6
organic SBUs with the dimension of 15.2 × 11.6 Å2 (the van
der Waals radii of the atoms at opposite sites of the cage have
been subtracted). Its total solvent-accessible pore volume from
single crystal structure is 68.0% calculated from PLATON/
SOLV,18b a little smaller than that of IZE-1. Just like the case in

IZE-1, if the linker were to be considered as one 4-c branching
point linked to the 4-c paddlewheel vertex, the underlying net
of IZE-2 would also be the cubic 4-c nbo net, where the ligand
orientation difference between IZE-2 and IZE-1 is not
represented in the vertex symbol.10m But, if the ligands of
EBTC in IZE-2 were also to be considered as two 3-c vertices
linked to the 4-c inorganic paddlewheel vertex, then its
framework would be the (3,4)-c sqc1572 net,10m,19a−d,20 with
point symbol of (73)2(7

4.102) and vertex symbol of (7.7.72)
(7.7.72.72.102.102)

19e (Figure S3e).
IZE-3 crystallizes in the space group P4(2)/nnm consisting

of two Zn(II) centers, one-half EBTC ligand, and two water
molecules for the framework in the asymmetric unit (Figure
3a). Unlike crystal IZE-1 and IZE-2, the ethynylene bond of
the EBTC ligand in crystal IZE-3 deviates from its linearity
with the C9G−C9−C1 angle of 173.82(19)° (symmetry code:

Figure 3. X-ray crystal structure of IZE-3: (a) The asymmetric unit and the coordination modes of zinc and EBTC ligand. Hydrogen atoms are
omitted for clarity. Symmetry codes: A = 1/2 − x, 1/2 − y, z; B = x, 1/2 − y, 1/2 − z; C = 1/2 − x, y, 1/2 − z; D = y, x, 1 − z; E = −x, −y, 1 − z; F = −
y, −x, z; G = 1/2 + y, −1/2 + x, z. Color scheme: Zn, green; C, gray; O, red. (b) The open cage (pink sphere) surrounded by four one-dimensional
channels (blue portion). (c) Simplification of the organic EBTC linker (two 3-c node, green balls) and the inorganic Zn2(CO2)4(H2O)2
paddlewheels (two types of 4-c node, pink balls indicate regular paddlewheels and blue balls indicate distorted paddlewheels). (d) Topological view
of IZE-3 with the (3,4,4)-c hyx net.
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G = 1/2 + y, −1/2 + x, z), which results to a longer bond length
of 1.197(5) Å compared to that in IZE-1 and IZE-2, and the
two phenyl rings in it are not in the same plane any more with a
dihedral angle of 22.23°. In the meanwhile, the coordinated
oxygens are deflected from the phenyl plane with a dihedral
angle of about 10.96° and 14.09°, respectively, which are much
larger than those in isomer IZE-1 and IZE-2. As shown in
Figure 3a, besides coordinating to one oxygen atom in the axial
position coming from a water molecule, Zn1 atoms coordinate
to four carboxylate oxygen atoms in the horizontal plane
coming from four different EBTC ligands to construct a kind of
distorted [Zn2(CO2)4] paddlewheels with a Zn−O−O−Zn
torsion angle of 19.767°, while Zn2 atoms coordinate to four
carboxylate oxygen atoms from four different EBTC ligands to
assemble a kind of relatively regular [Zn2(CO2)4] paddlewheels
with a Zn−O−O−Zn torsion angle of 1.035°. As a result, every
EBTC connects two distorted and two regular dizinc
paddlewheels, which are cis to each other. There also exists
one-dimensional pore along the c axis (Figure 1), where its
pore window is formed by two EBTC ligands and two
Zn2(CO2)4 paddlewheels from the opposite ends of the
tetracarboxylate ligand, and the upper and the lower ligands
are staggered arranged layer by layer (Figure S4a). Besides
above, two other kinds of one-dimensional pores exist along the
a and b axis (Figure S4b,c). Furthermore, it is noteworthy that
not only open cages but also multiple one-dimensional tunnels
are formed by the two kinds of different zinc paddlewheels
interconnected with EBTC ligands in this 3D framework. As
shown in Figures 3b and S4d,e, every open cage constructed
from four regular and four distorted Zn2(CO2)4 clusters and
four EBTC ligands is surrounded by four one-dimensional
channels arranged at two different directions, with a diameter of
7.6 Å ignoring coordinated solvents, and the channel is
decorated by four regular and four distorted zinc paddlewheels,
two EBTC ligands, and four phenyl groups, with an open
window of 4.1 Å in length and 3.8 Å in width (the van der
Waals radii of the atoms at opposite sites of the cage have been
subtracted). It is evident that the slightly bent ethynylene bonds
in EBTC ligands have great contribution to the formation of
these cages and tunnels. Similarly, IZE-3 has very large pore
volume. Its total solvent-accessible pore volume from single
crystal structure is 66.8% calculated from PLATON/SOLV
program.18b

As for its topology, two kinds of [Zn2(CO2)4] paddlewheels
(the regular and the distorted) can be considered as two types
of SBUs, and each can be viewed as 4-c node. The two types of
4-c SBUs are connected by EBTC linkers which can be served
as two 3-c vertices; thus, a novel (3,4,4)-c hyx net18a comes into
being, with point symbol of (6.72)4(6

2.82.102)(72.82.112) and
vertex symbol of (6.7.7)4(72.72.8.8.12.12)(6.6.8.8.102.102).

19e

From the above structural description, it is clear that isomers
IZE-1, IZE-2, and IZE-3 exhibit different frameworks although
they are composed of the same component [Zn2(EBTC)-
(H2O)2]. More specifically, IZE-1 and IZE-2 can be considered
as orientation isomers11b because of the different ligand
orientation, while IZE-3 and IZE-1/IZE-2 can be thought as
conformational isomers11b since the conformation of ligand
EBTC and [Zn2(CO2)4] SBUs are different between them. It is
obvious that the reaction medium plays an important role in
the construction of such different structural networks, which
might be termed as guest- or additive-induced isomerism,2

though we now do not exactly know how the guest (solvent
DMF or DMSO) or the additive (AIP or BPP) affects the

relative isomer precursors including the crystal nucleus and the
self-assembled oligomers in the solution and then promote or
inhibit the formation of a particular isomer over another. As for
the construction of isomers IZE-1 and IZE-2 having only one
kind of regular Zn2(CO2)4 paddlewheel, maybe IZE-1 is
favored for solvent DMF and prefers a higher acidic system
(from PXRD; it is sure that IZE-1 can also be obtained only
with DMF as solvent, but its crystal is not so good as that with
HNO3 addition, and DMSO and 5-aminoisophthalic acid (AIP)
may be propitious to the formation of IZE-2. While for the
preparation of IZE-3 with novel topology, the addition of a
small amount of 1,3-bi(4-pyridyl)propane (BPP) leads to two
different kinds of Zn2(CO2)4 paddlewheels, among which one
is severely distorted. In this case, the flexible additive BPP with
weak coordinative ability, whose length is comparable to that of
ligand EBTC, may be used as template agent during the
reaction of EBTC with zinc ions, inducing the linear and
relatively rigid EBTC ligand bent and resulting in two different
Zn2(CO2)4 paddlewheels. Moreover, the size/shape of BPP is
compatible with the framework cavities of IZE-3, which may
further promote its template effect. Furthermore, it should be
noted that BPP would coordinate to zinc ions with a little water
and DMSO but without nitric acid in the reaction system of
IZE-3, leading to quite different structural motifs (Figure S5).
This further demonstrated that solvent plays an important role
in the construction of MOFs.
Moreover, it is remarkable that proper reaction time is also

an essential factor for the construction of such paddlewheel
networks. Longer reaction time is a disadvantage for the
formation of IZE-1 since under the same reaction condition
except for longer reaction time up to 24 h, mixed crystals of
IZE-1 and BAF-221 were obtained. It is reported that BAF-2
without paddlewheel structure is synthesized from H4EBTC
with Zn(NO3)2 using DMF or DEF as solvent at 90 °C for 40
h.21

PXRD Patterns and Thermal Stability Analyses. The
phase purity of the bulk crystalline samples is independently
confirmed by powder X-ray diffraction (PXRD, Figure S6). The
PXRD of all the as-synthesized products gives satisfactory XRD
patterns which closely match the simulated ones from the
single-crystal data, indicating that such microporous MOFs
constructed from EBTC and zinc salts are in a pure phase.
The stability of them is determined by thermal gravimetric

analysis (TGA, Figure S7). IZE-1 exhibits 39.3% weight loss
from room temperature to 360 °C, which is in agreement with
the calculated data (39.8%) of deliberating 2 coordinated H2O,
5.5 guest H2O, and 2.5 guest DMF molecules per
[Zn2(EBTC)] unit. With further heating, the skeleton may
start to decompose. Similar stability is observed for IZE-2. The
39.0% weight loss in the range 25−253 °C corresponds to the 2
coordinated H2O, 10.5 guest H2O, 0.5 DMF, and 0.5 DMSO
molecules per [Zn2(EBTC)] unit (calcd: 38.5%). As for IZE-3,
30.2% weight loss is observed in the range 25−320 °C,
corresponding to the 2 coordinated H2O, 1.5 guest H2O, and 2
DMF molecules per [Zn2(EBTC)] unit (calcd: 30.3%).
Following the release of all coordinated water and guest
solvents within the MOFs, they all immediately decompose.

Photoluminescent Properties. The solid-state lumines-
cence of the three zinc isomers IZE-1, IZE-2, and IZE-3, as
well as the free ligand H4EBTC, is investigated at room
temperature, as depicted in Figure 4. All of them display
fluorescent emission bands at about 399, 400, and 427 nm
upon excitation at 382, 381, and 351 nm, respectively. These

Inorganic Chemistry Article

dx.doi.org/10.1021/ic202085j | Inorg. Chem. 2012, 51, 7066−70747070



bands can probably be assigned to the π−π* intraligand
fluorescent emission since similar emission is observed at 402
nm upon excitation at 342 nm for their blocking ligand
H4EBTC. Compared with the free ligand, the fluorescence
intensity of all these coordination compounds is greatly
enhanced, especially for IZE-1 and IZE-3. The enhancement
of fluorescence intensity in these complexes is probably due to
the unique coordination of the ligand to the Zn2+ center, which
is increasing the conformational rigidity of the ligand, thereby

reducing the nonradiative decay of the intraligand (π−π*)
excited state.22 Furthermore, the emission band of IZE-3
exhibits a large red shift, while IZE-1 and IZE-2 represent a
little blue shift upon coordination. This is presumably
associated with their different frameworks.
The fluorescence lifetime, τ, of the three isomeric complexes

is investigated in the solid state at room temperature, and the
curves of the fluorescence decay of them are illustrated in
Figure S8. The process of fluorescence decay for them all
follows a single exponential decay law, giving luminescence
lifetimes of 1.932, 1.769, and 2.032 ms, respectively,
significantly longer than those reported for other fluorescent
zinc complexes and MOFs which are often on the nanosecond
time scale,23 indicating highly rigidified in the solid
matrices.23e,24 Due to their remarkable luminescence, they
appear to be good candidates of novel hybrid inorganic−
organic optic materials.

Quantum Chemical Studies on Relative Stabilities of
Isomers. The relative thermodynamic stabilities of IZE-1, IZE-
2, and IZE-3 were investigated through quantum chemical
calculations of these systems on the basis of experimental
crystal structures. Cluster models, containing 8 five-coordinated
Zn2+ and related coordination environments for different
crystals, were adopted as shown in Figure 5. We performed
single-point calculations of cluster models by employing the
hybrid density functional theory (DFT) with the B3LYP
exchange-correlation functional25,26 and LANL2DZ27 basis sets.
All calculations were carried out by using the Gaussian 09
program.28

Figure 4. Fluorescent emission spectra of ligand EBTC (black) and
complexes IZE-1 (blue), IZE-2 (green), IZE-3 (red) in solid state at
room temperature.

Figure 5. Cluster models and frontier molecular orbitals as well as their orbital energies calculated at B3LYP/LANL2DZ level for IZE-1, IZE-2, and
IZE-3.
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DFT ground state energies and HOMO−LUMO gaps for
three different cluster models are listed in Table 2. It is shown

that both the total energies and HOMO−LUMO gap values are
very close for all three different cluster models. The similarity of
their thermodynamic stabilities is also demonstrated from their
very similar frontier molecular orbitals illustrated in Figure 5.
The two highest occupied MOs (HOMO − 1 and HOMO) are
nearly degenerate while the two lowest unoccupied MOs
(LUMO and LUMO + 1) are also nearly degenerate, and all
the four frontier MOs are dominated by the localized metal−
ligand d−π bonding interactions. From these thermodynamic
data, it is understandable that all the 3 isomers could be stable
under certain conditions, but a minor altered external factor
may lead them to some other different structures.
Quantum Chemical Studies on the Interactions

between Solvent Molecules and Isomers. In spite of
already being shown to have very close thermodynamic
stabilities, IZE-1, IZE-2, and IZE-3 have been experimentally
determined to present quite different binding properties under
different solvent environments. In order to provide insight into
the solvent effects for IZE-1, IZE-2, and IZE-3, we performed
semiempirical quantum chemical calculations for the inter-
actions between them and solvent molecules at PM3 level.29 All
calculations were carried out by using the Gaussian 09
program.28

Considering the symmetry of the cluster models, we may
specify four types of binding positions for DMF or DMSO
solvent molecules, as illustrated in Table 3. The calculated
binding energy values for DMF and DMSO binding to IZE-1,
IZE-2, and IZE-3 at the above four type binding positions are
listed in Table 3. It is clearly shown that most binding energies

for possible binding patterns are around 2−10 kcal/mol, which
are in the typical energy range of hydrogen bonding. This fact
implies that the main interactions between DMF or DMSO
solvent molecules and IZE-1, IZE-2, and IZE-3 may be
hydrogen bonding, which is further verified through our
geometry analysis where we found the distances between the
oxygen atoms in DMF or DMSO molecules and the hydrogen
atoms in H2O molecules coordinating Zn2+ are around 1.80 Å,
the typical length of hydrogen bonding. Comparing IZE-1 with
IZE-3, DMF binding energies in the former case are obviously
much larger than those in the latter case, indicating that more
DMF molecules can be bound to the cluster model of IZE-1
than that of IZE-3. Optimized geometries for cluster models
under DMF and/or DMSO solvent environments are shown in
Figure 6, where stable IZE-1 structure binding 10 DMF
molecules and stable IZE-3 structure binding 8 DMF molecules
are presented, in good agreement with experimental observa-
tions. As for the case of IZE-2, DMSO has largest binding
energy at the position of a and consequently the most possible
DMF binding position is c although DMF has a larger binding
energy value at the position of b (locating DMF at neighboring
binding positions very close to that of DMSO is energetically
unfavorable due to the geometrical constraints). The optimized
geometry for the composite system of the cluster model of IZE-
2 binding 2 DMF molecules and 2 DMSO molecules is also
shown in Figure 6. It could be found from the figure that there
are still many positions unbound which may be provided to
many small solvent molecules like H2O, which is consistent
with the experimental observations.

■ CONCLUSIONS

In summary, by elaborate controlling the reaction conditions of
zinc salts with the rectangular tetracarboxylate EBTC ligand,
three porous supramolecular isomers could be successfully
obtained, in which IZE-3 exhibits the unusual (3,4,4)-c hyx net
with an unprecedented (6.72)4(6

2.82.102)(72.82.112) topology.
These three isomers exhibit great solid-state luminescence
properties and relatively long lifetimes on the microsecond time
scale. Theoretical studies indicate that the three isomers have
similar thermodynamic stabilities, further verifying that all of

Table 2. Comparison of the Ground State Energies and
HOMO−LUMO Gaps for Three Different Cluster Models
Calculated at B3LYP/LANL2DZ Level

IZE-1 IZE-2 IZE-3

relative ground state energy [kcal/mol] 58.8 55.7 0.0
HOMO−LUMO gap [kcal/mol] 6.47 6.27 6.38

Table 3. Binding Energies of DMF and DMSO at Different Binding Positions for Three Different Cluster Models Calculated at
Semiempirical PM3 Levela

binding energy (DMF) [kcal/mol] binding energy (DMSO) [kcal/mol]

complex a b c d a b c d

IZE-1 6.93 − 6.68 5.11 11.16 − 9.99 8.66
IZE-2 3.48 7.47 4.98 3.47 11.34 9.04 10.04 10.22
IZE-3 4.04 1.20 2.58 − 7.97 7.60 7.74 −

aDue to the geometrical constraints, some binding patterns are energetically unfavorable, and therefore, the values are shown as “−”.
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them can stably exist in some case and a tiny alterative external
factor could vary them in different structures. This work will
contribute to the further development of our knowledge on
supramolecular chemistry and crystal engineering concerning
MOFs.
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